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Abstract
Vertical axis cross flow tidal and current flow turbines are proposed to generate electrical
energy from the ocean’s kinetic energy, however little is known of their performance and
loading characteristics. In this work, fixed pitch straight and helical-bladed vertical axis
turbines were investigated using numerical simulation models to perform examinations of
the influence of geometrical layout and rotational rate on power output, torque fluctuations,
mounting forces, structural stress, and deflection magnitudes. These studies were conducted
to establish the relative merits of various turbine configurations, including variations in strut
section, strut-blade mounting tab design, strut location, as well as varying degrees of blade
helicity and section angle inclination. To establish performance and loading parameters,
transient Computational Fluid Dynamics (CFD) and Double Multiple Streamtube (DMS)
hydrodynamic simulation models were developed, which were then coupled with structural
models using beam theory and Finite Element Analysis (FEA) techniques. Extensive ver-
ification and validation of the hydrodynamic results against Experimental Fluid Dynamics
(EFD) results from literature for turbines of differing geometrical layouts was performed to
ensure simulation accuracy.
Simulation results show that numerical models can accurately simulate performance when
compared to EFD results if suitable modelling techniques are utilised. The results show
that significant differences in performance characteristics such as power output and mount-
ing force magnitudes occur for turbines with differing geometrical layouts. Straight-bladed
turbines were found to generate higher power output, torque fluctuation levels, mounting
forces, structural stress, and deflection magnitudes than helical turbines of the same frontal
area, as a result of the blade inclination of the helical turbine to the inflow. The influence of
strut design on power output was also significant, with low-drag struts located at the blade
tips generating the highest power output when compared to turbines with high-drag struts
located at the quarter-span location. For both straight and helical turbines the highest
stress magnitudes were found at the blade-strut joints. Overall these results demonstrate
that straight-bladed turbines are better suited for harnessing tidal and current flow ocean
energy than helical-bladed turbines, as they generate higher power outputs whilst not incur-
vi
ring any significantly adverse structural penalties. These results are significant as previous
numerical simulation and EFD works have concentrated on each configuration individually,
with little known of their respective merits.
The numerical models developed as part of this work are capable of accurately capturing
the complex behaviour of vertical axis turbines for differing geometrical layouts, allowing for
future design investigations to be conducted without the need for EFD. The development of
these models, and the inclusion of suggested simulation guidelines in this work, has created
a useful design toolbox for future use that is suitable for turbine optimisation studies as well
as coupling with fatigue evaluations to ensure turbine longevity.
vii
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Chapter 1
Thesis Introduction
1
1.1 Introduction
Since the 1850s fossil fuels have dominated energy supply, however the desire to utilise al-
ternative energy sources has led to a growing interest in harnessing the energy held within
the oceans. This energy source is estimated to exceed 7,400 EJ/yr, easily surpassing human
requirements (Arvizu et al. 2011). Currently there are over 200 differing devices proposed
to harness ocean energy, with the development of many of these devices at an early stage
of technical maturity (Osman et al. 2011). These devices capture and transform the energy
from ocean waves, tidal and non-tidal current flows, and ocean thermal energy sources into
useable electrical energy. Horizontal and vertical axis turbines are two devices proposed to
capture the kinetic energy held within tidal and non-tidal current flows. Of the two, fixed
pitch cross flow turbines such as vertical axis turbines, as shown in Figure 1.1, might be
better suited for transforming the oceans tidal and current energy as they offer two inherent
advantages over their horizontal counterparts. Vertical axis turbines are insensitive to flow
direction and hence require no yawing mechanisms. Additionally, the drivetrain and electri-
cal generators can be installed above the water’s surface, easing installation and servicing
(Dai & Lam 2009, Kirke 2011, Sutherland et al. 2012). However, deployment is severely lim-
ited as structural failures of similar onshore turbines in the 1970’s and 1980’s, caused by a
lack of understanding of their unique structural properties, has restricted research and hence
commercial development (Sutherland et al. 2012). Significant barriers to widespread usage
exist, as little is known of their complex hydrodynamic and structural properties, making
the design of these devices challenging.
Figure 1.1: Vertical axis turbine used for tidal and current power generation showing defi-
nition of blades, struts and shaft, along with location of generator and drivetrain above the
waters surface (New Energy Corporation 2014)
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The installation and deployment of marine tidal and current flow turbines has proven diffi-
cult; with most commercial scale turbines deployed experiencing structural failures. Exam-
ples of such failures include:
• OpenHydro - all 12 blades of a 1MW tidal turbine destroyed in less than 20 days after
deployment in the Bay of Fundy in 2009 (OpenHydro 2015);
• Atlantis Resources - blade failure of the AK1000 turbine during initial turbine op-
eration at the EMEC test facility in Orkney(Update on AK1000 blade replacement
2015);
• Verdant Power - fixed blade failure at the blade roots of the three-bladed 35kW turbines
within one day of deployment in New York (Marine Renewable Energy Technologies
2008); and
• SeaGen - blade failure at the blade roots of the SeaGen 600kW turbine as a result of
overloading and fatigue cracking of the blades (Fraenkel 2010).
The reasons for these failures are often kept in confidence due to the competitive nature of
the marine energy industry. However, these failures indicate that more research into blade
design and loading characterisation is required to ensure the longevity of marine turbines.
Detailed investigation of these characteristics will enable the improved design of turbines that
will be robust enough to withstand ocean environments and become commercially successful.
1.1.1 Problem Definition
Vertical axis cross flow turbines generate power by transforming the hydrodynamic forces
generated on the rotating turbine blades into normal and tangential forces, with the tan-
gential forces generating torque and hence power that can be harnessed. However, as the
turbine rotates the relative angle between the inflow and the rotating blades induces an
angle of attack on the blades that varies with azimuth, resulting in significant variations of
the normal force generated over each revolution. Research has found that optimal power is
generated by slender blade sections with low thickness to chord ratio that have high lift/drag
ratios (Paraschivoiu 2002). However, the use of slender blades carries significant structural
penalties, as variations in normal forces can cause large bending moments and hence high
stresses on the blade sections. Unlike horizontal axis designs, structural loading may further
be compromised by the design and geometrical layout of the support struts shown in Figure
3
1.1. These radial arms support the blades loads generated, and use sections to minimise hy-
drdynamic drag. The cyclic nature of the normal and tangential forces also results in cyclical
loading patterns, which can lead to high-cycle fatigue failure if not adequately accounted for
as they are subject to a very high number of stress reversals over their intended operational
life (Paraschivoiu 2002, Scheurich et al. 2011). If commercial scale vertical axis turbine
deployments are to be successful, detailed understanding of hydrodynamic and structural
loading characteristics is required, which will in turn allow for fatigue life-cycle determina-
tion.
Two vertical axis turbine geometries are prevalent, straight and helical-bladed, as shown in
Figure 1.2. Helical turbines differ from straight-bladed turbines as the blades prescribe a he-
lix around the rotational axis. However, considerable uncertainty exists over whether helical
turbines generate more power than straight-bladed turbines, with Experimental Fluid Dy-
namics (EFD) finding conflicting results (Bachant 2011, Gorlov 1998, 2002, Niblick 2012). In
addition, although previous EFD work has investigated power output for individual straight-
bladed or helical turbines (Niblick 2012, Rawlings 2008), comparative studies using EFD are
rare due to the complexity and expense of manufacturing and testing multiple physical
models. If performed, this research is rarely extended to evaluate structural loading charac-
teristics, due to the difficulties associated with measuring the stresses underwater on rotating
turbine structures. Although methods for the investigation of both hydrodynamic and struc-
tural characteristics using EFD exist, concentration on the maximisation of power output
necessary for commercial success has led to research focusing on hydrodynamic factors, such
as blade section and turbine geometrical design, rather than structural considerations. As an
alternative to EFD, recent advances in numerical simulation techniques appear promising,
and offer new ways to investigate these hydrodynamic and structural characteristics.
Simulation of vertical axis turbine hydrodynamics can be performed using numerical mod-
elling techniques. However, the modelling of vertical axis turbines is notoriously difficult due
to the existence of complex hydrodynamic flow properties including simultaneous separated
and attached flow fields, large degrees of dynamic stall, and significant blade-vortex inter-
action effects (Klimas 1982, Scheurich et al. 2011). Recent advances in high performance
computing now allows for the investigation of complex hydrodynamic flow and pressure fields
using numerical methods such as Computational Fluid Dynamics (CFD). The increase in
computational power enabled by cluster computing also enables the extension of simula-
tion models past Two-Dimensional (2D) investigations to transient Three-Dimensional (3D)
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Figure 1.2: Examples of (a) straight (T-Vision 2015) and (b) helical-bladed (Vertical Axis
Wind Turbines vs Horizontal Axis Wind Turbines 2015) vertical axis turbine configurations
models that include all turbine geometrical features. The development of CFD models using
Unsteady Reynolds Average Navier-Stokes (URANS)-based simulations appears promising,
with the ability to capture key performance coefficients such as power output along with
rendering of the flow field enabling the visualisation of vortex structures (Castelli et al.
2010). However, the application of URANS-based model is challenging due to difficulties in
the selection of turbulence model, mesh independence, and mesh quality factors. This study
concentrated on these URANS-based simulations, with extensive verification and validation
performed against published EFD to ensure the accuracy of the results obtained.
Alongside URANS-based simulations, computational methods such as Large Eddy Simula-
tion (LES) and Direct Numerical Simulation (DNS) techniques can also be used to model
turbine hydrodynamics; however they are extremely computationally demanding when com-
pared to URANS methods (ANSYS 2010a). Models to simulate turbine power output using
LES have been developed, however they are limited to 2D or 2.5D approaches as a result
of the excessive mesh sizing required to capture the turbine boundary layer flow (Iida et al.
2007, Li et al. 2013). DNS simulations are even harder, being prohibitively computationally
expensive even for 2D models with unrealistically low flow Reynolds numbers (Chen 2011).
The drawbacks of the 2D approaches include the inability to capture any strut or blade tip
effects, resulting in poor resolution of the complex 3D flow fields exhibited by vertical axis
turbines, and thus 2D approaches were not used in this present study. Given the high com-
putational demand of the LES and DNS methods, this thesis concentrated on URANS-based
simulations.
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Simpler modelling techniques such as Double Multiple Streamtube (DMS) models can be
used to model and predict turbine performance, using methods based on momentum the-
ory (Paraschivoiu 2002, Strickland et al. 1979). Through the addition of correction factors
these models can simulate complex hydrodynamic effects such as dynamic stall, allowing for
computationally efficient simulation of most turbine parameters (Dai & Lam 2009, Masson
et al. 1998, Lain & Osorio 2010, Paraschivoiu 2002). In this work, DMS simulations are per-
formed, with results compared to URANS-based simulations and published EFD to evaluate
the accuracy of the DMS models developed.
Alongside the hydrodynamic models, turbine structural characteristics can be evaluated us-
ing beam theory or Finite Element Analysis (FEA) methods (Hameed & Afaq 2013, Li et al.
2014, Paraschivoiu et al. 2012, Tsai & Chen 2014). These methods, although not commonly
performed on vertical axis turbines, are much computationally simpler that hydrodynamic
modelling, with well-defined analysis methods. However, the accuracy of the structural
models directly reflects the accuracy of the underlying hydrodynamic models, presenting a
challenging simulation task.
Other methods exist which have varying degrees of computational efficiency. Free vortex
models, which track eddy shedding downstream using continuous vortex lines or vortex
points, can determine power output and blade forces, as well as the structure of the turbine
wake (Islam et al. 2008, Strickland et al. 1979). The source of circulation used by these mod-
els is EFD lift and drag data or by analytical methods such as conformal mapping (Strick-
land et al. 1979). As the turbine wake structure was not investigated as part of this present
work, only DMS models were used due to their computational efficiency (Paraschivoiu 2002).
1.1.2 Objectives
The key driver of this research was to investigate and compare the hydrodynamic and struc-
tural loading characteristics of straight and helical-bladed vertical axis turbines using nu-
merical simulation techniques. This work specifically seeks to answer the following question:
Are straight or helical-bladed vertical axis turbines more suited for ocean tidal and
current power generation when evaluated using power output, mounting force, and structural
loading criteria?
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To answer the research question, initial efforts concentrated on establishing the accuracy of
numerical models in simulating straight-bladed vertical axis turbine performance for differ-
ing geometrical configurations. These studies were then extended to evaluations of helical
turbine performance parameters, with comparisons made to the straight-bladed turbine re-
sults. Following on from this, numerical evaluation of the structural loading of the straight
and helical-bladed turbines was performed, enabling comparison between the two designs.
At all stages of this work verification and validation studies were performed against EFD
results published in literature to establish the accuracy of the models developed, as well as
the influence of modelling parameters on this accuracy. This approach was developed to gain
clear insight not only into the hydrodynamic and structural characteristics of vertical axis
turbines, but also into the numerical simulation techniques themselves. This contribution
opens up new opportunities for turbine improvement, enabling enhanced designs based on
both hydrodynamic and structural considerations.
1.2 Geometric Models
Validation of the numerical models was considered a key objective of this thesis to ensure
the accuracy of the simulation models developed, with most validation performed against
published data available in the literature. These models, with differing geometrical layouts,
enabled the evaluation of the hydrodynamic models capability to capture geometrical influ-
ences on performance parameters including power output. The results from six EFD tests
were used for validation purposes for turbine geometries that included:
• two EFD straight-bladed turbines from literature, as shown in Figures 1.3c and 1.3d
(Rawlings 2008) used to evaluate the influence of strut location, strut section, and
blade-strut joints on CFD models power output predictions;
• one helical EFD turbine from literature shown in Figure 1.3b (Bachant 2011, Bachant
& Wosnik 2015) used to examine the capability of CFD models to simulate helical
turbine hydrodynamic performance parameters;
• two EFD turbines from literature (Strickland et al. 1979, Webster 1978) shown in
Figures 1.3(a) and 1.3(f) that incorporated strain gauges to examine the validity of
blade force simulation results for one and three-bladed turbines; and
• one EFD turbine that was used during testing conducted at the Australian Maritime
College (AMC) as shown in Figure 1.3e used for initial modelling investigations.
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Figure 1.3: Validation CFD models showing (a) one-bladed (Strickland et al. 1979, Webster
1978), (b) Lucid helical (Bachant 2011, Bachant & Wosnik 2015), (c) and (d) Rawlings
three-bladed (Rawlings 2008), (e) AMC three-bladed, and (f) three-bladed (Strickland et al.
1979, Webster 1978) turbines (struts not modelled - see Chapters 4 and 5)
The key numerical investigations were performed on a series of turbine models of the same
height, span, blade chord, and strut design. The baseline 0◦ (straight-bladed) turbine design
was geometrically similar to a previously tested EFD turbine from literature (Rawlings
2008), to permit validation of the numerical modelling techniques used. The turbines were
designed with ascending blade overlap angles and thus helicity (φ) as shown in Figure 1.4
of 0◦(straight-bladed), 15◦, 30◦, 60◦ and 120◦, allowing the direct characterisation of blade
overlap with power output, torque fluctuation levels, and mounting forces. Additionally, the
influence of hydrodynamic profile alignment with the blade leading edge was evaluated by
inclining the profile from the horizontal plane from -15◦ to +45◦ as shown in Figure 1.5 for
the 15◦ blade overlap helical turbine shown in Figure 1.4 to determine if section alignment
influenced power output. Structural analysis was performed on the 0◦ and 15◦ turbines with
0◦ blade section inclination, as shown in Figure 1.5, as results indicated that as helicity
increased beyond 15◦ power output reduced signifigantly, reducing the turbine’s utility to
harness ocean energy.
1.3 Methodology
The hydrodynamic and structural characteristics of straight and helical-bladed vertical axis
turbines were investigated using the following three key steps:
• a literature review included in each chapter that examined previous hydrodynamic
and structural characteristics research, including any relevant numerical modelling
techniques;
• development, verification, and validation of hydrodynamic DMS and CFD numerical
simulation models to obtain power output, torque fluctuations, mounting forces, and
strut location influences; and
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Figure 1.4: Straight (a) and helical-bladed turbine showing geometrical notations and defi-
nition of blade overlap angle φ
Figure 1.5: Definition of section inclination angle of the blade sections to the horizontal
rotation plane for the 15◦ helical turbine
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• coupling of developed hydrodynamic models to structural FEA and beam theory mod-
els to determine the structural characteristics of straight and helical-bladed vertical
axis turbines, including the relative merits of the different geometrical configurations.
1.4 Key Considerations
1.4.1 Hydrodynamic Considerations
Key to this work is the determination of the hydrodynamic forces and pressures generated
by vertical axis turbines as they rotate. These are evaluated at a series of rotational rates
corresponding from start-up to over speed conditions, expressed as the tip speed ratio,
λ, defined as the ratio of the tip velocity to the inflow velocity. The key performance
components investigated in this work were the:
• turbine power output, a measure of turbine efficiency in converting kinetic energy,
expressed as the non-dimensionalised power coefficient Cp;
• torque ripple factor, TRF , determined using non dimensionalised coefficients of the
moment generated by the turbine, allowing the evaluation of torque fluctuations gen-
erated by the rotating blade;
• normal and tangential blade forces, geometrically defined relative to the blade chord,
and non-dimensionalised by dynamic pressure and blade chord;
• inline, lateral, and vertical mounting forces as shown in Figure 1.6; and
• hydrodynamic flow visualisation, which was utilised to increase understanding of flow
behaviour, giving insight into the nature of flow properties such as vortex shedding
and flow diffusion.
1.4.2 Structural Loading Considerations
To establish the structural loading characteristics of vertical axis turbines, evaluation of
structural loading was performed using beam theory and FEA models. These models exam-
ined loading by determining the:
• stress and deflection of the turbine blades and struts, performed using beam theory and
FEA techniques, with the stress calculations signed according to the blade deflecting
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Figure 1.6: Definitions of lateral, inline, and vertical forces
inwards towards the turbine shaft (-) or outwards (+) to enable the evaluation of any
cyclical loading patterns; and
• yield stress safety factors, to gain insight into loading margins against material yield
strength properties.
1.4.3 Geometric Considerations
The relative performance of straight and helical-bladed vertical axis turbines was examined
using turbines of the same frontal area and blade chord, ensuring that no Reynolds or
Froude number scaling was required. To ensure widespread applicability, the numerical
models developed incorporated corrections for Reynolds number effects, either inherently in
the case of the URANS CFD models, or by lookup lift and drag tables for the DMS model.
This ensures that the models developed as part of this work can be used for simulations of
turbines with differing geometrical dimensions or differing inflow and rotational rates to those
studied here. Although the influence of drive train or generator losses was not simulated the
models developed could be utilised as input for drive train and generator analysis models,
if required.
1.4.4 Assumptions and Limitations
This study sought to validate all numerical simulation models against EFD data to ensure
the accuracy of the simulated results. The power output, mounting forces, and normal and
tangential blade forces were validated against EFD from literature for both straight and
helical-bladed turbines (Bachant 2011, Bachant & Wosnik 2015, Rawlings 2008, Strickland
et al. 1979, Webster 1978). However, no EFD data was available to validate structural blade
stress and deflection simulation results. To overcome this, two separate numerical methods,
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one based on EFD lift and drag data tables, the other on solutions to the Navier-Stokes
equations, were used to determine the force coefficient predictions. These were then coupled
to two separate numerical methods of determining blade stress and deformation, using well
established structural FEA and beam theory methods (ANSYS 2013, Council 2007). This
work could however be compared to future EFD work using strain gauges to validate the
relationships determined in this study.
The vertical axis turbines studied in this work operated in low Reynolds numbers regimes, as
the EFD data from literature used for model validation was obtained at Reynolds numbers of
less than 5 × 105 (Bachant 2011, Bachant & Wosnik 2015, Rawlings 2008, Strickland et al.
1979, Webster 1978). Although the numerical simulations were restricted, all simulation
models developed accounted for the influence of Reynolds number on hydrodynamic lift and
drag forces, and hence can be used for alternative flow velocities. The velocities examined
also correspond to realistic tidal flow velocities for ocean turbine installations (Osman et al.
2011).
1.5 Novel aspects
This study provides a significant contribution through the application of numerical simula-
tion methods to investigate and research rarely studied turbine characteristics. The novel
aspects of this work include the following:
• Evaluation and comparison of the hydrodynamic and structural loading characteristics
of both helical and straight-bladed turbines. Although previous work has investigated
each design individually (Khalid et al. 2013, Hameed & Afaq 2013, Li et al. 2014,
Paraschivoiu et al. 2012, Tsai & Chen 2014), this study is pioneering as it not only
evaluates each turbine individually, but provides a comparative study of the two de-
signs.
• The hydrodynamic and structural loading numerical models included the blade and
strut geometry, allowing for the evaluation of strut and blade-strut joint loading. Pre-
vious work has concentrated solely on blade loading (Khalid et al. 2013, Hameed &
Afaq 2013, Li et al. 2014, Tsai & Chen 2014).
• Three-dimensional CFD studies were performed, whereas previous studies were per-
formed using 2D or 2.5D models that do not account for strut or blade tip losses (Dai
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& Lam 2009, Li et al. 2013, Lain & Osorio 2010, Malipeddi & Chatterjee 2012, Navabi
2008, Beri et al. 2011, Gretton 2009).
• Structural loading simulations were performed over rotational rates ranging from start-
ing, maximum power, to over speed conditions. Previous numerical simulations of
structural loading work have concentrated on single rotational rates (Hameed & Afaq
2013, Li et al. 2014, Paraschivoiu et al. 2012, Tsai & Chen 2014).
• A comparison of the influence of blade helicity on power output, mounting forces, and
torque ripple was performed using a series of ascending blade overlap angles. Numerical
comparisons of the influence of helicity are rarely, if ever, published, with only limited
EFD studies performed to date (Gorlov 1998, 2002, Niblick 2012, Shiono et al. 2002).
• Evaluations of the mounting forces generated by straight and helical-bladed turbines
were performed. Although they have previously been obtained using EFD (Bachant
2011, Bachant & Wosnik 2015, Rawlings 2008), numerical studies are rare.
• Comparisons of the relative merits of the numerical methods used for hydrodynamic
and structural turbine analysis, including the examination of the computational ef-
ficiency of each model. Previous studies have used only one numerical method, not
allowing any comparison of the benefits and disadvantages of the numerical methods
utilised (Hameed & Afaq 2013, Khalid et al. 2013, Li et al. 2014, Paraschivoiu et al.
2012, Tsai & Chen 2014).
1.6 Thesis Outline
This work was completed as a series of journal and conference papers and are collated and
presented as chapters within this thesis as outlined below. The chapters follow the evolution
of both numerical simulation models and turbine geometries, culminating in the develop-
ment of structural analysis models for straight and helical-bladed turbines.
Chapter 1: The introductory chapter frames the research questions, provides a broad
outline of the methodology and geometrical models used, and the objectives of the study.
Identification of the novel aspects of the work are discussed, along with consideration of any
limitations.
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Chapter 2: This paper introduces the CFD modelling of two straight-bladed vertical axis
turbines using a commercial URANS solver. Simulations of two geometrically differing ver-
tical axis turbines were performed to obtain turbine power output using 2D and 3D URANS
models using the k-ω Shear Stress Transport (k-ω SST) and Baseline-Reynolds Stress Models
(BSL-RSM) turbulence models. All models were benchmarked against published EFD data,
with consideration of 2D and 3D models, turbulence model selection, laminar-to-turbulent
transition effects, mesh sizing, domain sizing, temporal step, and boundary layer indepen-
dence. The computational costs of the models were evaluated and weighed against solution
accuracy.
Chapter 3: The second paper supports the finding in Chapter 2 with a more comprehensive
analysis of CFD modelling techniques for three straight-bladed vertical axis turbines. These
turbine models differed in strut cross-section and their location along the blade, to examine
the predictive capacity of commercial transient URANS models in determining power out-
put, torque fluctuation levels, and mounting forces. Comparisons of URANS predictions for
the power output and mounting force against experimental results from literature allowed
the validation of the numerical models developed. An investigation into the selection of grid
independence factors, with appropriate mesh sizing and temporal treatments was completed
to allow for accurate representation of the maximum power output. Initial assessment of
strut geometrical influences were established, with their optimal location for the given design
identified.
Chapter 4: Paper three introduces the DMS model to simulate turbine blade forces. The
DMS model incorporates the Gormont dynamic stall model to account for variations in blade
angle of attack due to turbine rotation. The developed DMS model, along with the k-ω SST
CFD models outlined in Chapters 2 and 3, were used to simulate the blade normal and
tangential force data from a series of EFD testing from literature on one and three-bladed
turbines, with results compared to EFD to determine the respective accuracy of each of the
numerical hydrodynamics models. The influence of blade number on turbine power output
was also evaluated using DMS and k-ω SST CFD models to characterise the influence of
wake effects.
Chapter 5: This conference paper examines two of the straight-bladed turbine models sim-
ulated in Chapters 2 and 3 using the DMS and k-ω SST CFD models developed in Chapters
2-4, with results compared to EFD data from literature. In contrast to Chapter 4, the mod-
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els developed concentrate on power output instead of blade forces to determine the accuracy
of the DMS and k-ω SST CFD models in simulating turbine power output. Examinations
of the computational requirements of each numerical model were performed, alongside the
determination of any limitations, enabling the development of numerical analysis guidelines
for power output simulations of vertical axis turbines. The models analysed in this Chapter
were used as input to characterise turbine blade loading in Chapter 7.
Chapter 6: The fourth paper concentrates on establishing any differences, and thus any
advantages between helical and straight-bladed turbines using k-ω SST CFD numerical tech-
niques. The numerical simulation of helical turbines was investigated, with verification and
validation of the developed k-ω SST CFD models carried out against EFD results from lit-
erature. The influence of helicity on power output, torque ripple, and mounting forces was
investigated, with flow visualisation of vortex shedding performed to interpret blade incli-
nation effects. The extension of the k-ω SST CFD model to enable the modelling of helical
turbines outlined in this chapter allowed for the future examination of structural loading
characteristics for both straight and helical turbines performed in Chapter 7.
Chapter 7: Paper five couples the validated DMS and k-ω SST CFD hydrodynamic models
developed in Chapters 2-6 to structural analysis models using both FEA and beam theory,
enabling comparisons of the various combinations. Two turbine designs were examined, one
straight-bladed and one helical turbine with a low degree of blade overlap. The models
presented form a transient model of the structural loading as the turbine rotates, allowing
detailed investigation of stress and deflection magnitudes at varying turbine rotational rates.
The location of maximum stress is probed, along with its relationship with rotational angle.
The suitability of each simulation technique is outlined, along with computational require-
ments and any limitations. Considerations of structural loading differences between the two
turbine designs is presented, along with options to reduce structural loading if required.
Finally, recommendations for the best turbine design for ocean deployment are outlined.
Chapter 8: Concludes this work by providing an overall summary of results, discussing key
findings, and any consequences for future research. The geometrical design implications of
the results are presented, along with recommendations for future research.
Appendices: Appendix A: outlines initial efforts to develop CFD and DMS models and
validate results against EFD data obtained at AMC using numerical models with and without
15
struts or strut correction factors. Cost limitations of the EFD testing allowed for only one
turbine to be tested, with research efforts turning to validation using published EFD data for
multiple turbine geometries, as performed in Chapters 2-7. Appendix B further outlines
initial efforts to simulate vertical axis turbine power output by developing CFD models and
comparing results to EFD data obtained at the AMC.
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Chapter 2
The Influence of Turbulence Model and
Two and Three-Dimensional Domain
Selection on the Simulated Performance
Characteristics of Vertical Axis Turbines
This chapter has been submitted for publication in the Journal Renewable Energy, and at
the time of writing is under review. The citation for the research article is:
Marsh P., Ranmuthugala, D., Penesis, I., & Thomas, G, The Influence of Turbulence Model
and Two and Three-Dimensional Domain Selection on the Simulated Performance Charac-
terisitcs of Verticla Axis Turbines, Renewable Energy. [Under review, 2015].
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Abstract
Computational Fluid Dynamics (CFD) models were developed to simulate the power output
of two geometrically differing vertical axis turbines. To evaluate the influence of numer-
ical modeling techniques on these power output predictions simulations were performed
using Two-Dimensional (2D) and Three-Dimensional (3D) models, as well as the Baseline-
Reynolds Stress Models (BSL-RSM) model and the k-ω Shear Stress Transport (k-ω SST)
in its fully turbulent and laminar-to-turbulent transition model formulation. The highest
correlation with EFD power output from literature was found using the 3D k-ω SST Transi-
tion model, although it was extremely demanding computationally. The fully turbulent 3D
k-ω SST model also offered accurate prediction of power output for most rotational rates.
The 3D BSL-RSM model results poorly simulated power output and came at a high com-
putational cost. Poor output predictions were also obtained using 2D k-ω SST models, as
they were unable to account for 3D flow effects. Results indicated that it was necessary to
fully resolve all boundary layers, with models using wall functions poorly resolving power
outputs. The authors suggest that 3D fully turbulent k-ω SST models with fully resolved
boundary layers are used to simulate turbine performance.
2.1 Introduction
The potential of using ocean energy to generate renewable energy has led to increased in-
terest in vertical axis turbines, as they are a viable option to transform the oceans tidal
and current kinetic energy into electricity (Arvizu et al. 2011). Vertical axis turbine designs
as shown in Figure 2.1 exhibit two key advantages over competing ocean energy device de-
signs: they are insensitive to inflow direction and all electrical components can be mounted
above the water surface (Marsh et al. 2013). When combined, these factors enable simple
and robust turbine designs for ocean installations. However, little is known of their com-
plex hydrodynamic properties, as previous research and development has concentrated on
horizontal axis designs as commonly utilised in the wind energy industry (Scheurich et al.
2011). If ocean turbines are to be successfully deployed at commercial scales, detailed un-
derstanding of their operational characteristics is essential. This can be obtained through
numerical simulations such as Computational Fluid Dynamics (CFD) or by Experimental
Fluid Dynamics (EFD).
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Figure 2.1: Vertical axis turbine showing definitions of key geometrical features
Vertical axis turbines are commonly studied using CFD models as they allow for turbine per-
formance investigations without the expense of EFD. The majority of CFD simulations are
performed using Two-Dimensional (2D) models due to their reduced computational require-
ments when compared to Three-Dimensional (3D) models. However, these 2D approaches
often significantly over predict maximum power output (Castelli et al. 2010, Danao 2012,
Malipeddi & Chatterjee 2012, Matre et al. 2013) due to the highly 3D nature of turbine hy-
drodynamic flow (Marsh et al. 2012). Numerical simulations are also commonly performed
using fully turbulent models (Alidadi 2009, Castelli et al. 2010, Danao 2012, Malipeddi &
Chatterjee 2012, Marsh et al. 2012, Matre et al. 2013), again due to their computational
efficiency. However, the influence of laminar-to-turbulent flow transition on power output
predictions is unknown, and may be significant as turbines can operate in low Reynolds
number dominated flows (Marsh et al. 2013). For turbulence modeling the (k-ω Shear Stress
Transport ((k-ω SST) model is prevalent (Castelli et al. 2010, Dai & Lam 2009, Gretton
2009, Nobile et al. 2011, Lain & Osorio 2010, Marsh et al. 2012, 2013, 2015a,b), due to its
ability to model both free stream and wall bounded flows accurately. However, studies of
the influence of alternative turbulence modeling schemes on the accuracy of power output
predictions are limited. Combined, the influence of these modeling factors on power output
predictions is unknown and was the key driver for this research.
Numerical simulations were performed on two vertical axis turbines using the ANSYS CFX
v13 software package to evaluate the influence of turbulence model and 2D and 3D domain
modeling techniques on the predictive capacity of Unsteady Reynolds Averaged Navier-
Stokes (URANS) based simulation models (ANSYS 2010a). These turbine models were
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geometrically identical to EFD from literature to allow for verification and validation of all
power output simulations (Rawlings 2008). The 2D and 3D CFD models developed used the
k-ω SST and Baseline-Reynolds Stress Models (BSL-RSM) turbulence models with differing
wall modeling approaches to appraise any wall modeling influences on simulation accuracy.
Additionally, flow transition modeling was performed using the k-ω SST Gamma-Theta
Transition (k-ω SST Transition) model to establish the influence of transition modeling on
power output simulation accuracy.
2.2 Numerical Simulation
Numerical 2D and 3D CFD simulations were performed using the ANSYS CFX v13. software
package (ANSYS 2010a), which solves the transient URANS equations using an element-
based finite volume approach. Simulations of two geometrically different turbines were per-
formed to evaluate the ability of the various turbulence and 2D and 3D domain models to
accurately simulate power output when compared to EFD from literature (Rawlings 2008).
2.2.1 Turbine Geometry
Two straight-bladed vertical axis turbines models were developed as shown in Figure 2.2,
labeled Turbines A and B respectively. These turbine designs were geometrically equivalent
to EFD models from literature to allow validation of the numerical simulation approaches
(Rawlings 2008). These models shared the same blade section, span, and number of blades
as detailed in Table 2.1. However, the turbines differed in strut section and location, as
Turbine A had NACA0012 strut sections located at the blade ends, while Turbine B had
shaped bar struts located at the blade quarter span, both shown in Figure 2.2.
Table 2.1: Shared Geometry of Turbines A and B (Rawlings 2008)
Geometry Dimensions
Number of blades 3
Number of struts 2 per blade
Blade section NACA 634021
Blade chord 0.065m
Diameter (d) 0.915m
Turbine span (s) 0.686m
20
Figure 2.2: Turbine A and B strut section and location detail. Dimensions in mm (Rawlings
2008)
2.2.2 Key Performance Parameters
To evaluate turbine performance, the turbine power output is evaluated as the non-dimensionalised
power coefficient Cp where,
Cp = λ Cm (2.1)
where the tip speed ratio λ is defined as,
λ = rω/V (2.2)
and ω is the turbine rotational rate, r is the turbine radius, V is the inflow velocity, and the
turbine torque Cm is determined as,
Cm = T/(0.5ρV
2Sr) (2.3)
where ρ is the water density (set to 1000
kg
m3
for all simulations), S is the turbine frontal
area, and the torque T generated by the turbine was taken from the respective CFD or EFD
results.
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2.2.3 Turbulence and Boundary Layer Modeling
The influence of turbulence model selection on power output predictions was examined using
three turbulence models; the k-ω SST, k-ω SST Transition and BSL-RSM models. Differ-
ing boundary layer modeling techniques were also introduced to evaluate the influence of
boundary layer modeling techniques on simulation accuracy.
The influence of flow transition was modeled using the Gamma-Theta formulation of the k-ω
SST transition model (ANSYS 2010a). The k-ω SST Transition model uses two additional
transport equations when compared to the fully turbulent k-ω SST model to capture transi-
tional effects: the intermittency equation, γ, and the transition onset momentum thickness
Reynolds number, Re− θ (ANSYS 2010a). The k-ω SST Transition model does not model
the physical fluid processes, but rather applies empirical correlations to the underlying k-ω
SST model (ANSYS 2010a). For this study no modification of correlation coefficients was
performed, as post priori modification of these coefficients would reduce the models utility
for design investigations where performance data was unavailable. To ensure the accurate
simulation of flow near all turbine surfaces, the boundary layers were fully resolved as rec-
ommended (ANSYS 2010a).
The k-ω SST turbulence model was also used in its fully turbulent formulation as it is com-
monly used to simulate turbine performance (Castelli et al. 2010, Dai & Lam 2009, Gretton
2009, Lain & Osorio 2010, Marsh et al. 2012, 2013, 2015a,b, Nobile et al. 2011) due to its
ability to model both the boundary layer and the free stream regions. Research has shown
that it can accurately predict flow separation and adverse pressure gradients as a result of
the inclusion of transport effects into the formulation of the eddy-viscosity equations (AN-
SYS 2010a, Menter 1994). To evaluate the influence of boundary layer modeling two 3D
k-ω SST meshes were developed. Flow modeling near the turbine surfaces was performed
either by using prescribed wall functions based on log-wall laws or by fully resolving the
boundary layer flow (ANSYS 2010a). This resulted in the two 3D k-ω SST meshes using
differing inflation layer densities as shown in Figure 2.3 , which are referred to as the 3D k-ω
SST Wall Function or 3D k-ω SST models respectively. Total boundary layer thickness was
estimated as 0.37c/Re1/5 with the blade chord c used to determine Reynolds number, Re
(Anderson Jr 1985). This estimated boundary layer thickness was doubled to ensure that
the boundary layer was contained within the prescribed inflation layer region. Inflation layer
mesh growth rates were limited to 1.2 as recommended (ANSYS 2010a). Boundary layer
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mesh density independence was also evaluated by examining the influence on power output
of the average height of the first cell from the turbine walls, known as the non-dimensional
variable y+ (ANSYS 2010a).
Figure 2.3: Blade surface inflation layer mesh density for: (a) k-ω SST Wall Function and
(b) fully resolved 3D k-ω SST models showing differences in mesh density with 10 and 30
layers respectively
Along with the two k-ω SST-based turbulence models, power output simulations were per-
formed using the BSM-RSM model, which closes the URANS equations by solving six trans-
port equations for the Reynolds stresses, as well as an additional equation for dissipation
rate (ANSYS 2010a). Due to these additional transport equations BSL-RSM is suggested
to be better at modeling complex flows with high levels of streamline curvature, fluid rota-
tion, and rotating reference frames (ANSYS 2010a), as occurs during vertical axis turbine
operations. Again to ensure the accurate simulation of flow near all turbine surfaces, the
boundary layers were fully resolved.
The influence of numerical discretization scheme on Cp prediction accuracy was investigated
by performing simulations using low and high order numerical schemes, with results com-
pared to EFD from literature for Turbine A (Rawlings 2008). The high order scheme used a
bounded second order upwind biased advection and an unbounded second order backwards
Euler transient scheme, whereas the lower order scheme used a first order upwind advection
and first order backwards Euler transient scheme (ANSYS 2010a).
For all simulations the fluid was modeled as incompressible as all flow velocities were signifi-
cantly less than Mach 0.3. An inlet turbulence setting of 5% was applied as no measurements
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of turbulence intensity were provided from the EFD testing from literature (Rawlings 2008).
Convergence was deemed achieved when solution residuals reduced to below 10−4 and re-
duced by more than three orders of magnitude. Additionally convergence was confirmed
by ensuring that the final Cp determined was within 5% of the previous rotations results,
required due to the periodic nature of Cp. An example of Cp convergence for Turbine A is
shown in Figure 2.4, where Cp values converged after approximately 3600 time steps, cor-
responding to 9 rotations. To reduce overall simulation times all simulations were started
using previous simulation results if available, reducing the initialization process and thus the
overall computational requirements.
Figure 2.4: Example of Cp convergence for Turbine A at λ=2.75 at an inflow velocity of 1.5
ms−1
2.2.4 Computational Fluid Dynamics (CFD) Models
To determine the influence of domain selection on simulation accuracy, both 2D and 3D
domains were generated. All turbine models were meshed using ANSYS CFX 13.0 (ANSYS
2010a) using unstructured tetrahedral elements, an example of which is shown in Figure
2.5 for the 3D k-ω SST model. The 3D CFD models included all 3D geometrical features
including all blades, struts, hubs, and shaft, with the k-ω SST and BSL-RSM models using
the same mesh. The 2D models only included the blades and shaft due to the geometrical
layout of vertical axis turbines. Turbine rotation was simulated by enclosing the turbine in
an inner domain as shown in Figure 2.6. This domain was rotated using the CFX transient
rotor-stator model (ANSYS 2010a), with a General Grid Interface (GGI) used to interpolate
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flow values across the interface due to non-conformal mesh. To minimise any errors in the
intersection algorithm, the GGI was placed at 1.5 times the turbine diameter measured from
the rotational axis. Mesh density was also increased on this interface as shown in Figure 2.5
to further minimise any errors across the GGI interface. For all simulations the inner domain
was rotated at the desired rotational rate corresponding to CFD or EFD testing rates. Mesh
density was varied according to expected flow curvature rates, resulting in increased density
in regions near the blades, struts, hubs, shaft, and wake. Mesh density was reduced away
from the turbine surfaces such as near the computational domain boundaries to minimise
computational effort.
Figure 2.5: Mesh domain for 3D model showing overall mesh domain, GGI interface, and
inflation layer detail on the blade surface for the 3D k-ω SST Turbine A model
The 3D computational domains were generated to isolate the turbine from any boundary
effects; with all boundary conditions outlined in Figure 2.6 and Table 2.2, as determined by
the systematic domain size independence studies. Both Turbines A and B were assumed to
operate at sufficient depths to ignore free surface effects, allowing the use of symmetry to
reduce domain size (Marsh et al. 2012, 2013, 2015a,b). Full and half domains were generated,
with the half domain split along the horizontal mid plane. To ensure that this use of a half
domain did not influence the accuracy of the power output predictions, simulations using a
full 3D domain, also shown in Figure 2.6, were performed for comparison.
The 2D CFD model is shown in Figure 2.7, with the boundary details outlined in Table 2.2.
In comparison to the 3D CFD model, shown in Figure 2.6, the 2D CFD model consisted only
of the blade sections and shaft. This resulted in the same model being used for Turbines A
and B, as the models differed only in strut location and section. The computation domain
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Figure 2.6: Domain nomenclature and sizing for the (a) half, and (b) full 3D CFD models.
Dimensions in turbine diameter d and span s
Table 2.2: Domain Boundary Conditions for all CFD Models
Wall Boundary condition
Inlet Uniform flow perpendicular to inlet wall: 1.5 ms−1
Outlet Relative Pressure: 0 Pa
Walls Free slip walls
Turbine No slip walls
Symmetry Symmetry walls
was constructed by cutting a 0.01m slice from the 3D model shown in Figure 2.6, as ANSYS
CFX cannot natively model in 2D, with the domain thickness represented by a thin layer of
tetrahedral cells.
2.2.5 Mesh Independence Studies
Systematic independence studies were performed to ensure domain size, domain boundary,
mesh density, boundary layer modeling, and time step independence for both turbine de-
signs. Independence was evaluated by investigating the impact on Cp of increases in these
factors until variations between each successive refinement reduced to less than 5% using the
method outlined in Tu (2013). Examples of the independence studies are only presented for
Turbine A here for brevity, but were performed for both turbines with similar results found.
The influence of numerical discretisation scheme on Cp was also evaluated.
Figure 2.8 illustrates mesh element count independence for Turbine A, which was achieved
at 0.16, 9.1, 17.2, 17.2, and 27.2 million elements for the 2D k-ω SST, 3D k-ω SST Wall
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Figure 2.7: Domain boundary nomenclature and sizing for 2D domain. Total 2D domain
thickness of 0.01m. Dimensions in turbine diameter d. Symmetry on both horizontal surfaces
Function, 3D BSL-RSM, 3D k-ω SST, and 3D k-ω SST Transition models respectively, with
Turbine B CFD models exhibiting similar mesh element counts. The 2D model demonstrated
low mesh element count independence at 0.16 million elements as a result of the significant
reduction in domain size as seen when comparing Figures 2.6 and 2.7. The lower mesh count
for the 3D k-ω SST Wall Function model was due to the significantly reduced inflation layer
density shown in Figure 2.3 when compared to the fully resolved models. Compared to the
3D BSL-RSM and 3D k-ω SST models, the 3D k-ω SST Transition model required higher
mesh density in the chord wise direction as recommended for transition region prediction
(ANSYS 2010a).
Figure 2.8: Mesh element count independence for Turbine A CFD models at λ=2.75 and an
inflow velocity of 1.5 ms−1. Results for 2D SST model shown on right for clarity
Simulations of 2D and 3D CFD models revealed significant differences in temporal indepen-
dence as shown in Figure 2.9 for Turbine A. Temporal independence was demonstrated at
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0.9◦ rotation per time step for all models except the 3D k-ω SST Wall Function model, which
demonstrated temporal independence at 3.6◦ of rotation per time step. The increase in time
step size for the 3D k-ω SST Wall Function model was caused by the reduction in boundary
layer density. The 2D k-ω SST results were similar to the 3D k-ω SST as they used the
same boundary layer mesh density. Small fluctuations in power output were noted for some
simulations as time step reduced, as shown for the 3D k-ω SST model between 0.9◦ and
0.225◦. This is prescribed to small differences in wake and dynamic stall modeling between
the successive refinements. However as these fluctuations were lower than the independence
criteria they were ignored, allowing the use of higher time steps to maximise computational
efficiency.
Figure 2.9: Time Independence for Turbine A CFD models at λ=2.75 and an inflow velocity
of 1.5 ms−1
Figure 2.10 shows the Turbine A y+ independence study, with independence demonstrated
at an average y+<1 for the 2D, 3D k-ω SST, and 3D k-ω SST Transition models. Inde-
pendence for the 3D k-ω SST Wall Function model was demonstrated at y+=29. These
y+ ranges ensured the correct placement of the first mesh cell from the wall for the fully
resolved and wall function boundary modeling techniques, and align well with recommended
near wall resolution ranges for the turbulence models used (ANSYS 2010a). The higher y+
of the wall function model resulted in a large reduction in overall mesh element count when
compared to the fully resolved model, due to reduction in boundary layer mesh density as
shown in Figure 2.3. Due to dynamic nature of vertical axis turbine hydrodynamic small
changes in y+ resulted in small differences in flow field resolution, resulting in small vari-
ations in low y+ Cp as shown in Figure 2.10. However, these fluctuations do not unduly
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effect simulation results, as the systematic mesh independence studies used ensured than
these fluctuations were less than 5% when compared to the optimal y+. The use of reduced
y+ below y+=1 would not significantly increase simulation accuracy, but would unneces-
sarily increase overall simulation time. The y+ range used was also within that suggested
by ANSYS (2010a). The small increase in y+ at values below y+=1 is a numerical effect
introduced by the small cell sizing at very low y+ values.
Figure 2.10: Non-dimensional first cell height (y+) independence study for Turbine A at
λ=2.75 and an inflow velocity of 1.5 ms−1. The optimal y+ was approximately y+=0.75,
except for the 3D k-ω SST Wall Function model where optimal y+=29
Domain size studies were performed on Turbine A to ensure spatial solution independence.
This was performed by examining the influence of variations of the length, width, and height
of the domain on Cp whilst keeping all other variables fixed. Simulation results, as shown in
Table 2.3, indicated that a domain length, width, and height of 20d, 10s, and 3.33s allowed
for domain size independence. Symmetrical independence was confirmed by performing
equivalent simulations on the full and half domains as shown in Figure 2.6. Total Cp dif-
ferences of less than 0.4% were demonstrated between the two. This allowed the use of half
domains to simulate turbine performance, reducing mesh count and thus total simulation
time.
Comparisons were made between first and second order discretisation schemes for Turbine
A at λ=2.75, as shown in Figure 2.11. The second order scheme resulted in significantly
improved Cp accuracy when compared to EFD from literature, with the second order Cp
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Table 2.3: Domain Size Independence Study for Turbine A for Half Domain 3D CFD Model
Shown in Figure 6 at an Inflow Velocity of 1.5 ms−1 and λ=2.75
Length(d) Cp Change
from
20d
Width(d) Cp %Change
from
10d
Height (s) Cp %Change
from
2.5s
5 0.285 11.3% 5 0.267 4.3% 1.25 0.276 7.8%
20 0.256 - 10 0.256 - 2.5 0.256 -
40 0.256 0.0% 20 0.251 2.0% 5 0.249 2.7%
results within the reported experimental error shown by the error bars on the EFD results in
Figure 2.11 (Rawlings 2008). This occurred as the second order model was able to capture
the highly transient nature of the turbine flow whilst minimizing any numerical diffusion.
As a result all simulations were performed using the second order discretisation scheme.
Figure 2.11: Comparison of first and second order numerical discretisation schemes with
EFD Cp with error bars from literature for Turbine A at an inflow velocity of 1.5 ms
−1 and
λ=2.75 (Rawlings 2008)
2.3 Results and Discussion
Validation of both turbine models was performed against EFD results available in literature
for the testing of two geometrically identical turbines conducted at the University of British
Columbia’s towing tank (Rawlings 2008). Power output was measured using a torque sensor
and rotation rate encoder for varying rotational rates from λ=1.5 to λ=3.5 and inflow
velocities from 1.5 to 2 ms−1. Error bar estimates were only reported for Turbine A.
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2.3.1 Computational Fluid Dynamics Simulations
The 2D and 3D CFD and EFD results for the power output characteristics for Turbines A
and B, at an inflow velocity of 1.5 ms−1, are shown in Figures 2.12 and 2.13 respectively.
Figure 2.12: Comparison of Cp − λ curves for Turbine A at an inflow velocity of 1.5 ms−1.
EFD results with error bars from literature (Rawlings 2008)
The 2D k-ω SST CFD models Cp prediction results revealed poor accuracy when compared
to the 3D models and EFD from literature as shown in Figures 2.12 and 2.13. At λ=1.5 for
Turbine A, Cp was predicted to within 11% of EFD, however predictions of Cp for Turbine
B were 180% higher than EFD, as the 2D k-ω SST model did not account for the significant
levels of strut drag on the latter turbine. As λ increased Cp diverged from the EFD results,
with significant prediction errors found at high λ for both turbines. These prediction errors
occurred as the resistive torque generated by the struts could not be modeled using 2D k-ω
SST CFD models (Marsh et al. 2012, 2013). These simulation results indicate that 2D k-ω
SST CFD models are unsuitable for the vertical axis turbine simulations, necessitating the
use of full 3D simulation models.
Considering the results from the 3D k-ω SST Wall Function model against EFD Cp results
obtained from literature shown in Figures 2.12 and 2.13, at low λ, Cp was over predicted
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Figure 2.13: Comparison of Cp − λ curves for Turbine B at an inflow velocity of 1.5 ms−1.
EFD results from literature (Rawlings 2008)
for both Turbine A and B (Rawlings 2008). Over predictions of Cp at λ=1.5 of 145% and
304% were found for Turbines A and B respectively. These occured as the wall function
model does not resolve the boundary layer flow down to the sub-viscous layer, but rather
applies a generalized log-wall approximation of its shape on the solution. Thus for separated
flows, such as at low λ, the 3D k-ω SST Wall Function model cannot simulate the high levels
of adverse pressure gradients and separation within the boundary layers. As λ increased
Cp predictions appeared to slowly converge with the 3D k-ω SST model, as the increased
rotational rate reduces the angle of attack range over the blades. This reduction in angle of
attack reduced flow separation and adverse pressure gradients to levels that the 3D k-ω SST
Wall Function model was able to accurately simulate. However, given the poor predictive
ability at low to medium λ, 3D k-ω SST Wall Function models are a poor choice for vertical
axis turbine simulation as they are unable to simulate operational conditions such as start-
up and maximum power output accurately.
The highest correlation with EFD for all λ was found using the 3D k-ω SST Transition
model, as it accounted for both 3D flow and laminar-to-turbulent flow transition effects.
At low λ below the λ location of maximum Cp, all Cp results were within EFD error bars
for Turbine A. For Turbine B at low λ, Cp predictions were close to EFD, with results for
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example within 1.3% of EFD Cp at λ=2. The accuracy of the CFD models resulted from
the accurate prediction of flow separation at the high angles of attack experienced at these
low λ (Paraschivoiu 2002). The transition model also also simulated flow transition at low
angles of attack that occur at high . The increased Cp simulation accuracy when compared
to the fully turbulent models is due to better estimation of the wall shear and hence drag
on the blades. This results in more accurate prediction of Cp at high , as shown in Figure 2.14.
Using the 3D k-ω SST Transition model maximum Cp was predicted to be within 6.6% and
10.2% of EFD results for Turbines A and B, as a result of incorporation of all geometric
features in the 3D models. Although for Turbine A the Cp prediction accuracy at high λ
above the λ location of maximum Cp was poor, the shape of the Cp − λ curve for Turbine
B was replicated accurately. This was due to the transition model being able to model the
flow transition effects caused by the low operational Reynolds numbers of approximately
300,000, as determined using blade chord as the characteristic length .
The effect of flow transition on drag prediction can be seen in Figure 2.14. Reductions in
wall shear stress are shown on the blades and struts when compared to the 3D k-ω SST fully
turbulent solution. Reductions in wall shear and hence drag increase Cp at high λ as strut
resistive torque is reduced. Reductions in wall shear would also improve blade lift to drag
efficiency and hence increase Cp. The poor Cp prediction of Turbine A at high λ may be
due to experimental inconsistencies at λ=3.5, as the Cp results of Turbine B at high λ were
predicted with reasonable accuracy. Over prediction of EFD Cp at high λ may also occur as
a result of blockage effects that were not accounted for in the EFD results, which can artifi-
cially increase Cp by more than 25% as shown in previous EFD studies (Bachant & Wosnik
2015). Prediction errors may also occur due to differences in the turbulence intensity levels
between the CFD models and EFD testing, as high turbulence intensity levels can delay
stall (Leu et al. 2012). This can lead to increases in Cp especially at high λ (Maganga et al.
2010). However no turbulence intensity measurements were recorded during EFD testing
from literature to compare to CFD turbulence levels. Although the 3D k-ω SST Transition
model demonstrated the highest correlation with EFD results for both turbine models it
does have limitations; inherent in its current formulation is the inability to accurately pre-
dict cross-flow transition (ANSYS 2010a). Although this would not impact significantly on
the accuracy of straight-bladed vertical axis turbine simulations, helical turbines may exhibit
large degrees of cross-flow separation due to the inclination of the blades to the inflow, which
the current ANSYS turbulence model may not accurately capture.
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Figure 2.14: Comparison of the increase in wall shear stress simulated by the 3D k-ω SST
fully turbulent model when compared to the 3D k-ω SST Transitional models, Turbine A at
λ=3.5 at an inflow velocity of 1.5 ms−1
Figures 2.12 and 2.13 also show Cp simulations of Turbines A and B determined using the
3D k-ω SST models. At low λ, good agreement was found between CFD and EFD results for
both turbines, with all Cp results being within EFD error bars for Turbine A, and close to
EFD results for Turbine B. Differences between CFD and EFD for Turbine A Cp results were
17.0% and 0.8% at λ=1.5 and λ=2.5 respectively, which although high were within reported
EFD error bars. Turbine B prediction accuracy at low λ was similar, with differences in Cp
prediction of 14.4% and 1.7% at λ=2 and λ=2.25 respectively.
Using the 3D k-ω SST model maximum Cp was simulated to within 14.3% and 6.3% of EFD
results for Turbines A and B. This accuracy was a result of the inclusion of all geometry
in the 3D models, with Turbine A results falling within reported EFD error bars from lit-
erature (Rawlings 2008). However, for both turbines Cp prediction accuracy reduced as λ
increased past the location of maximum Cp, with the CFD Cp values tending to be lower
than the equivalent EFD values. The authors suggest that this was due to over prediction
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of turbine blade and strut airfoil drag due to the use of fully turbulent CFD models, which
over estimated skin friction and hence airfoil drag at the low angles of attack experienced at
high λ. This can be seen in Figure 2.14, where increased levels of wall shear stress were de-
termined by the k-ω SST model when compared to the k-ω SST Transition model predictions.
The 3D BSL-RSM model provided reduced Cp prediction accuracy when compared to the
3D k-ω SST models for all λ as shown in Figures 2.12 and 2.13. Below λ=3, all results from
Turbine A were within the EFD error bars, however Cp differences between the CFD and
EFD results of 40.4% and 9.6% at λ=1.5 and λ=2 respectively were higher than those of
the k-ω SST models. The prediction accuracy for Turbine B at low λ was also poor, with
differences in Cp prediction being 64% and 32% at λ=1.5 and λ=2 respectively. Maximum
Cp was predicted to within 18.2% and 14.1% of the EFD results for Turbines A and B
respectively, notably with less accuracy than the 3D k-ω SST model. It is difficult to prescribe
reasons as to this reduction in accuracy when compared to the k-ω SST models, however
it appear that the BSL-RSM models may be simulating separation at a lower angle of
attack than the k-ω SST models. The prediction accuracy of the BSL-RSM model reduced
at high λ, which the authors ascribed to experimental inconsitincies, blockage effects, and
transitional effects similar to that noted for the k-ω SST model simulations. Solutions
using the BSL-RSM model, with its additional transport and dissipation equations, did not
improve simulation accuracy when compared to the standard isotropic eddy-viscosity based
models.
2.3.2 Computational Requirements and Numerical Simulation Recom-
mendations
The computational efficiency of the turbulence model and 2D and 3D investigations were
established by comparing simulation time and computer cluster core requirements to simulate
one revolution as shown in Table 2.4 at λ=2.75. All simulations were performed on a
distributed cluster comprising of Intel Xeon 5160 3.0GHz processors with 2GB memory per
core.
Table 2.4: Simulation Time and Computational Requirements for One Turbine Revolution.
Turbine A at λ=2.75 at an Inflow Velocity of 1.5 ms−1
Turbulence Model 2D SST 3D SST Wall Function 3D BSL-RSM 3D SST 3D SST Transition
Time (minutes) 90 400 2700 1200 6200
Cores 4 16 24 24 24
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2.3.3 Numerical Simulation Recommendations
Key conclusions were gained from evaluations of power output prediction accuracy when
combined with the determination of computational resource requirements for each model,
namely that:
• 2D k-ω SST models were computationally efficient due to reduction in mesh size when
compared to the 3D models. However Cp prediction accuracy was very poor when
compared to EFD, as strut and end influences were not simulated;
• 3D k-ω SST Wall Function models offered reduced simulation times than the fully re-
solved models, as a result of significant reductions in mesh size. However Cp prediction
accuracy was poor when compared to fully resolved CFD models and also to EFD, as
they were unable to model separation at low rotational rates accurately;
• 3D BSL-RSM models were computationally demanding due to the extra seven trans-
port and dissipation equations solved. However Cp prediction accuracy was reduced
when compared to 3D k-ω SST models and EFD due to separation prediction error;
• 3D k-ω SST Transition models were accurate but required excessive computation times
due to large mesh element counts necessary for element count independence, as well
as for the solution of the additional transition equations. Overall simulation time
increased by a factor of more than five when compared to the 3D k-ω models;
• A suitable balance between computational requirements and Cp prediction accuracy
was found using turbulent 3D k-ω SST models.
2.3.4 Geometrical Effects on Power Output
The influences of geometrical design on power output were captured by the 3D CFD models
as shown in Figures 2.12 and 2.13. Using the 3D k-ω SST model, Turbine A power output
was found to be 115% higher than Turbine B, as although the turbines shared the same blade
section, they differed in strut section location, cross-section and mounting tab design. This
result is consistent with the 136% increase in power output efficiency found by EFD from
literature (Rawlings 2008). The use of 3D CFD models allows differences of power output
caused by geometrical design to be quantified without the need for EFD. If investigation of
the relative performance of blade section variations is desired it may be possible to use 2D
CFD models, however they will poorly capture total power output and hence should not be
used for determining overall power generation capacity.
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2.3.5 Flow Visualisation
The use of CFD also allows for flow visualisation without the expense and difficulty of EFD
methods such as Particle Image Velocimetry (PIV) (Ferreira 2009a). Visualisation of vortex
shedding for the 2D and 3D k-ω SST models is shown in Figures 2.15 and 2.16. The 2D
k-ω SST models were unable to capture any strut or blade tip losses due to the geometrical
layout of vertical axis turbines, and can only simulate blade and shaft vortex shedding. As a
result the 2D k-ω SST poorly predicts Cp as shown in Figures 2.12 and 2.13. Conversely, the
3D k-ω SST CFD models resolved all key hydrodynamic flow features including blade tip and
strut vortex shedding as shown in Figure 2.16, due to the inclusion of all geometrical features.
Figure 2.15: Vortex structure visualisation for Turbine A at λ=2.75 for the 2D k-ω SST
model. Vorticity in stationary frame from 1 to 20 s−1 at an inflow velocity of 1.5 ms−1
Figure 2.16: Vortex shedding visualisation for Turbine A at λ=2.75 for the 3D k-ω SST
model. Vorticity of 16 s−1 at an inflow velocity of 1.5 ms−1 at λ=2.75
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2.4 Conclusions
The power output of two vertical axis turbines was simulated using 2D and 3D CFD models
with varying turbulence and boundary layer flow modeling techniques. Although the k-ω
SST Transition model resulted in the highest correlation with experimental power output
results, the authors suggest that the 3D k-ω SST model is better suited for vertical axis
turbine simulation. It offers comparable accuracy to the k-ω SST Transition model at low to
medium rotational rates, as well as similar accuracy for maximum power output predictions,
without the additional meshing and excessive computational expense of the transition model.
The development of CFD flow transition models is ongoing which will hopefully reduce the
computational requirements of transitional models, which were found to be excessive in this
study, limiting their utility. The authors suggest that this study be revisited as transition
models improve, as they show promising results especially at high rotational rates.
Future work is planned to investigate the structural loading characteristics of straight and
helical-bladed turbines to determine any possible differences, and thus advantages, between
the two turbine designs. This work has demonstrated that fully turbulent 3D k-ω SST CFD
models with full resolved boundary layers must be used to accurately simulate turbine power
output.
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Chapter 3
Three-dimensional Numerical Simulations
of Straight-Bladed Vertical Axis Tidal
Turbines Investigating Power Output,
Torque Ripple and Mounting Forces
This refereed journal paper was published in Renewable Energy. The citation for this journal
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Abstract
Three straight-bladed vertical axis turbine designs were simulated using Three-Dimensional
(3D) transient Computational Fluid Dynamics (CFD) models, using a commercial Unsteady
Reynolds Averaged Navier-Stokes (URANS) solver. The turbine designs differed in support
strut section, blade-strut joint design and strut location to evaluate their effect on power
output, torque fluctuation levels and mounting forces. Simulations of power output were per-
formed and validated against Experimental Fluid Dynamics (EFD), with results capturing
the impacts of geometrical changes on turbine power output. Strut section and blade-strut
joint design were determined to significantly influence total power output between the three
turbine designs, with strut location having a smaller but still significant effect. Maximum
torque fluctuations were found to occur around the rotation speed corresponding to maxi-
mum power output and fluctuation levels increased with overall turbine efficiency. Turbine
mounting forces were also simulated and successfully validated against EFD results. Mount-
ing forces aligned with the inflow increased with rotational rates, but plateaued due to
reductions in shaft drag caused by rotation and blockage effects. Mounting forces perpen-
dicular to the inflow were found to be 75% less than forces aligned with the inflow. High
loading force fluctuations were found, with maximum values 40% greater than average forces.
3.1 Introduction
A combination of social, environmental and economic interests is driving research into re-
newable energy, the production of which is a central facet of sustainable human development.
The energy held within the ocean could be harnessed in a renewable, sustainable and eco-
nomic manner, with over 200 devices proposed to extract this energy (Arvizu et al. 2011).
However, of these devices only a few have been constructed or are near commercial feasibility
(Osman et al. 2011). Vertical and horizontal axis turbines are among these devices being
developed to transform the ocean’s kinetic energy contained within tides and currents into
usable energy forms (Osman et al. 2011).
Vertical axis turbines as shown in Figure 3.1 have two key advantages when compared to
horizontal axis designs: they are flow-directional independent (Dai & Lam 2009); and all
electrical components can be installed above the free surface of the water, thus simplifying
installation and maintenance (Kirke 2011). With increased interest in vertical axis turbines,
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driven in part by the plateauing of efficiency of horizontal axis designs (Scheurich et al.
2011), further research into the development of improved turbine designs is required. This
has proven challenging due to the complexity of vertical axis turbine hydrodynamic flow
fields which are notoriously difficult to predict (Scheurich et al. 2011).
Figure 3.1: Vertical Axis turbine for tidal and current power generation (New Energy Cor-
poration 2014)
The complexity of vertical axis turbine hydrodynamics is due to three distinct phenom-
ena that generate high levels of unsteady flow and thus complex vortex shedding and flow
diffusion effects:
• continually varying blade angles of attack;
• blade-wake interactions; and
• strut effects.
At low rotational rates the flow is dominated by high levels of static and dynamic stall as
the blade angles of attack widely vary due to the low blade velocities relative to the inflow
velocity (Paraschivoiu 2002). At higher rotational rates the flow field is dominated by wake
interaction as the blades traverse through the disturbed wake and shed vortices of previous
blades (Scheurich et al. 2011). Additionally, as rotational rates increase the influence of strut
drag increases, reducing the overall torque generated (Marsh et al. 2013). These complex
flow field phenomena and the resultant vortex shedding and flow diffusion effects must be
accurately captured by the simulation models used in order to accurately simulate turbine
hydrodynamics and thus turbine efficiency.
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A wide variety of numerical models can be used to simulate vertical axis turbine performance
and hydrodynamics, ranging from reduced order blade-element based models (Marsh et al.
2013, Paraschivoiu 2002, Templin 1974), vortex methods (Li & C¸alis¸al 2010a, Li & Calisal
2010b), Two-Dimensional (2D) Computational Fluid Dynamics (CFD) models (Malipeddi
& Chatterjee 2012), quasi 2D or 2.5D Large Eddy Scale (LES) simulations which treat
the blades as possessing infinite length (Li et al. 2013), and Three-Dimensional (3D) CFD
models (Castelli et al. 2010, Marsh et al. 2012), with increasing levels of simulation complex-
ity and computational resource requirements. Commercial CFD software such as ANSYS
Fluent and CFX are commonly used to simulate turbine power output and hydrodynamics
(Dai & Lam 2009, Castelli et al. 2010, Li et al. 2013, Malipeddi & Chatterjee 2012, Marsh
et al. 2012, 2013, Navabi 2008, Nobile et al. 2011, Rossetti & Pavesi 2013), with most CFD
simulations performed in 2D as 3D models require lengthy simulation times (Li & Calisal
2010b, Li et al. 2013, Rossetti & Pavesi 2013). However, 2D (and by extension 2.5D) CFD
simulations often unsatisfactorily estimate power output, as the losses due to strut drag and
finite blade lengths are not simulated (Marsh et al. 2012, 2013). To accurately capture all
hydrodynamic phenomena, CFD models should include all significant geometrical features,
necessitating the use of full 3D simulation approaches. Although empirical corrections for
2D CFD and blade-element models are available (Li & Calisal 2010b, Marsh et al. 2013, Nav-
abi 2008), in this work evaluations were conducted to determine whether recent advances in
distributed computing now make 3D CFD simulation approaches feasible.
In this work simulations were performed using 3D CFD models to predict the power output,
torque fluctuations and loading characteristics of three straight-bladed vertical axis tur-
bines. These turbines used the same blade section but different strut sections, blade-strut
joint designs and strut locations to evaluate the effect of geometrical changes on turbine per-
formance. Power output curves were generated for all turbines, two of which were compared
to Experimental Fluid Dynamics (EFD) results to validate the simulation models developed.
The levels of torque fluctuations and total mounting forces were also characterised to deter-
mine their relationship with strut location, strut section and total power output. All CFD
methods were verified using mesh independence criteria with results validated against EFD
where possible.
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3.2 Numerical Simulations
Transient time-accurate 3D CFD simulations were conducted in ANSYS CFX software util-
ising the URANS-based k-ω Shear Stress Transport (k-ω SST) turbulence model using an
element-based finite volume approach (ANSYS 2010a). Ansys CFX was utilised as it is
commonly used in industry and its formulation allows for efficient distribution on comput-
ing clusters to reduce total simulation time (ANSYS 2010a). Unsteady models were used due
to the high levels of unsteady flow caused by the rotation of the turbine, with the fluid mod-
elled as an incompressible fluid as all flow velocities were significantly less than Mach=0.3.
3.2.1 Turbine Geometry
Three straight-bladed vertical axis turbine designs were simulated, labelled Turbines A, B
and C, with the overall geometrical dimensions and configurations as outlined in Table 3.1,
which were based on the EFD turbines of Rawlings (Rawlings 2008). These turbines were
simulated as they allowed for comparisons of power output for varying geometrical designs
as well as validation of simulation results against EFD. All turbines had two struts per blade,
with strut section, location and blade-strut joint design details outlined in Figure 3.2.
Table 3.1: Common Geometrical Features of the Three Turbine Configurations (Rawlings
2008)
Geometry Dimensions
Number of blades 3
Number of struts 2 per blade
Blade section NACA 634021
Blade chord 0.065m
Radius 0.457m
Blade span 0.686m
3.2.2 Key Performance Parameters
A number of performance parameters were investigated to enable the quantification of tur-
bine efficiency and loading characteristics. Turbine power output was expressed as a non-
dimensionalised power coefficient Cp, where,
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Figure 3.2: Turbines A, B, and C strut section, strut location and blade-strut joint detail
(Rawlings 2008)
Cp = λ Cm (3.1)
where tip speed ratio λ was defined as,
λ =
rω
V
(3.2)
where ω was the turbine rotational rate, r was the turbine radius, and V was the inflow
velocity. The turbine torque coefficient Cm was determined as,
Cm =
T
0.5ρV 2Sr
(3.3)
where ρ was the water density (set to 1000
kg
m3
for all simulations), S was the turbine frontal
area, and the moment, T generated by the turbine was taken from CFD or EFD results.
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3.2.3 Computational Domain and Boundary Conditions
The boundary conditions used for all CFD studies are outlined in Table 3.2 for the boundaries
shown in Figure 3.3. The boundary conditions simulated free stream conditions ensuring
that the turbine was isolated from any boundary layer or blockage effects and allowed full
wake development. Domain symmetry was used to reduce overall mesh size by splitting
the domain along the horizontal centre plane, with the resultant half domain used for all
simulations, as shown in Figure 3.3. No free surface effects were simulated, as the turbine
was assumed to operate at sufficient depth to minimise any surface effects.
Table 3.2: Domain Boundary Conditions for CFD Models
Wall Boundary condition
Inlet Uniform flow: 1.5 ms−1
Outlet Relative Pressure: 0 Pa
Walls Free slip walls
Turbine No slip walls
Symmetry Symmetry walls
Figure 3.3: Domain boundary nomenclature and sizing, dimensions in turbine diameters D.
Plane of symmetry on bottom surface
The CFX transient rotor-stator model was utilised to simulate rotation at each time step,
with the rotation interface modelled using a General Grid Interface (GGI). The GGI method
placed an interface between the stationary outside domain and the rotating inner domain,
shown in Figures 3.3 and 3.4, allowing flow values to be calculated on either side of the
boundary by an intersection algorithm (ANSYS 2010a). This GGI interface was set at a
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distance of 1.5 times the turbine diameter, D, from the turbine rotation axis, and mesh
density was increased on the interface to limit interpolation errors on Cp predictions. For
all simulations the inner domain was rotated at the desired λ, and for validation purposes
this corresponded with the relevant EFD rotational rates.
All CFD meshes were generated with ANSYS CFX 13.0 mesher (ANSYS 2010b) using un-
structured tetrahedral elements. All 3D geometrical features, including all blades, hubs,
shafts, struts and blade-strut joints were modelled, with the main mesh features shown in
Figure 3.4. Mesh density was refined by specifying face sizing, cell curvature angle and
expansions rates on areas of interest, such as on blades, struts, and the turbine wake to fully
capture flow hydrodynamics. Inflation layers were utilised to control cell heights near all
surfaces to resolve the boundary layer flow. Conversely, the density of the mesh was reduced
in regions such as the boundary fields where a coarse mesh was found sufficient.
Figure 3.4: Mesh domain showing overall mesh domain, GGI interface, and inflation layer
detail on the blade surface
3.2.4 Turbulence Model and Discretisation Schemes
The k-ω SST turbulence model was selected as it has previously been successfully used to
simulate turbine performance (Castelli et al. 2010, Dai & Lam 2009, Gretton 2009, Lain
& Osorio 2010, Marsh et al. 2013, Nobile et al. 2011) due to its ability to model both the
boundary layer and the free stream regions, as well as offering improved prediction of flow
separation and adverse pressure gradients by the inclusion of transport effects into the for-
mulation of the eddy-viscosity (ANSYS 2010a, Menter 1994). The height of the first cell
layer on all turbine surfaces was specified to ensure that it was within the viscous sub-layer,
with resultant average y+ (the dimensionless distance from the wall) values less than 1. Sim-
ulations using reduced boundary layer inflation density and thus higher y+ values resulted
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in reduced simulation accuracy, as the ANSYS-prescribed wall functions (ANSYS 2010a)
were unable to resolve the flow near the walls due to high levels of separation and adverse
pressure gradients. All simulations were performed using a high order advection and second
order backwards Euler transient scheme.
To reduce simulation time, simulations were initialised using previous solutions and were
deemed completed when the magnitude of torque fluctuations over each revolution reached
a quasi-steady state, usually taking 2-3 revolutions. Convergence was achieved when resid-
uals converged to within 10−4 for each time step and reduced by more than three orders of
magnitude. An inlet turbulence intensity level of 5% was used for all simulations as com-
monly performed (Dai & Lam 2009, Marsh et al. 2012, 2013, Rossetti & Pavesi 2013), as
EFD data was not available.
3.2.5 Grid Independence Studies
Studies of the influence of grid resolution factors, including mesh density, time step size,
domain length, width, height and domain symmetry were conducted to ensure grid indepen-
dence. These investigations were performed both quantitatively, by examining relationships
between mesh grid resolution and Cp, as well as qualitatively, with graphical methods used
to evaluate any changes between grid resolution factors. Quantitative independence was
deemed satisfactory when changes in grid parameters resulted in Cp differences of less than
5%, resulting in a suitable balance between solution independence, speed and computational
effort (Tu et al. 2013).
Mesh Density Independence
Mesh density independence was evaluated for five densities, shown in Figure 3.5. Indepen-
dence was demonstrated for Turbine A at a minimum mesh density of 5x10−4 m, correspond-
ing to 17.2 million elements, with a visual comparison of mesh density shown in Figure 3.6.
Predictions of Cp were sensitive to changes in mesh density, with increased mesh resolution
on blade surfaces needed to capture the complex flow structure. Using similar methods,
mesh density independence for Turbines B and C was determined corresponding to 17.3
million and 16.6 million elements respectively.
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Figure 3.5: Mesh density independence study for Turbine A at an inflow velocity of 1.5 ms−1
and λ=2.75
Figure 3.6: Comparison of mesh density on surfaces of blades and struts between (a) 8.5
million and (b) 27 million elements
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Time Step Independence
Time step studies were performed to ensure temporal Cp independence, critical due to the
highly transient nature of the flow. Simulations were performed for Turbine A using time
steps from 0.225◦ to 3.6◦ of turbine rotation per step with 17.2 million elements. Indepen-
dence was determined at a time step of 0.9◦ rotation per step as shown in Figure 3.7. Using
similar methods time step independence for Turbines B and C was found at 0.9◦ rotation
per step. Due to dynamic nature of vertical axis turbine hydrodynamic small changes in
time step or other variables resulted in small differences in flow field resolution, resulting
in small changes in Cp as shown in Figure 2.7. However, these fluctuations do not unduly
effect simulation results, as systematic mesh independence studies used ensure than these
fluctuations were less than 5%. The use of reduced time step would not significantly increase
simulation accuracy, unnecessarily increasing overall simulation time.
Figure 3.7: Time step independence study for Turbine A at an inflow velocity of 1.5 ms−1
and λ=2.75
Domain Size Independence
Domain size independence studies were performed to ensure that the turbine was isolated
from any domain wall or blockage effects and to allow full wake development, with changes
in simulation domain length, width, and height. Results for Turbine A, shown in Table 3.3,
indicate that a domain length of 20D, width of 10D and height of 2.5D, with the turbine
located 5D from the inlet, allowed full wake development whilst minimising domainwall and
blockage effects. Qualitatively domain wall height effects are shown in Figure 3.8, where the
proximity of the wall to the turbine due to the low domain height of 1.25D increased flow
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Table 3.3: Domain Size Independence Study for Turbine A at 1.5 ms−1 and λ=2.75
Length(D) Cp Change
from
20D
Width(D) Cp %Change
from
10D
Height Cp %Change
from
2.5D
5 0.285 11.3% 5 0.267 4.3% 1.25 0.276 7.8%
20 0.256 - 10 0.256 - 2.5 0.256 -
40 0.256 0.0% 20 0.251 2.0% 5 0.249 2.7%
Figure 3.8: Comparison of flow velocity for domain heights of 1.25D and 2.5D showing
increase in velocity due to flow constriction, Turbine A at an inflow velocity of 1.5 ms−1 and
λ=2.75
velocity through the domain due to flow constriction, artificially increasing Cp. Although
not studied here this constriction effect could be harnessed to increase Cp through the use of
shaped ducts, walls, limited water depths, or by arranging turbines in a tidal fence (Malipeddi
& Chatterjee 2012).
Domain Symmetry Validation
In order to validate the use of the half domain split along the horizontal mid plane, equivalent
simulations were carried out on full and half domains. Results are shown in Table 3.4, with
differences in Cp of less than 0.4% between the two domains. Velocity profiles for both the
half and full domain, shown in Figure 3.9, reveal minimal difference in velocity distribution.
This allowed the use of the half domain thereby reducing overall mesh size by two.
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Table 3.4: Comparison of Cp for Symmetrical and Full Domains at an Inflow velocity of 1.5
ms−1 and λ=2.75
Domain Symmetrical domain Full domain
Cp 0.256 0.255
Cp change from symmetrical domain - 0.4%
Figure 3.9: Velocity in stationary frame comparisons for half domain and full domain for
Turbine A at an inflow velocity of 1.5 ms−1 and λ=2.75
51
3.2.6 Numerical Simulation Time
Numerous authors (Li & C¸alis¸al 2010a, Li et al. 2013, Nobile et al. 2011) have suggested
that 3D CFD models are not practical for turbine performance investigations due to their
excessive simulation time and computational requirements. However full 3D simulations are
now feasible due to increases in cluster power and the increased efficiency of distributed
CFD solutions, with Cp simulations for one revolution at each λ taking 24 h on an 18
core cluster comprising of Intel Core 2 Quad Q9300 processors with 2 GB memory per core,
allowing the simulation of vertical axis turbine performance in a timely and efficient manner.
All simulations were performed using URANS models, which combined with free surface
modelling assumptions minimised simulation time when compared to numerical methods
such as LES.
3.3 Results and Discussion
Simulations of power output, torque fluctuations and mounting forces were obtained for
Turbines A, B and C at an inflow velocity of 1.5 ms−1. These simulations were performed
at varying rotational rates using the simulation settings outlined in Table 3.5.
Table 3.5: Main CFD Simulation Settings
CFD Setting
Turbulence model k-ω SST
Time step 0.9◦ rotation per time step
Advection scheme High order
Transient scheme Second order backwards Euler
Domain length 20D
Domain width 10D
Domain height 2.5D
3.3.1 Validation of Numerical Simulations with Experimental Fluid Dy-
namics
Validation studies were performed against EFD tests at the University of British Columbia’s
towing tank, an approximately 60.1m long, 3.7m wide and 2.4m deep facility (Rawlings
2008). Using a torque sensor and rotation rate encoder, Cp for varying λ were obtained at
a series of flow velocities from 0.75 ms−1 to 2.24 ms−1, with λ varied using a motor drive
unit through a 20:1 gearbox. Shaft force was measured using two load cells mounted to
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the vertical shaft. The turbine models A and B simulated in this project were based on
two of the EFD turbines tested by Rawlings (Rawlings 2008), enabling the equivalent CFD
simulations to be validated.
Comparisons of CFD and EFD Cp − λ curves for Turbines A and B are shown in Figure
3.10. At low λ, good agreement was found between CFD and EFD results for both turbines.
Below λ=3 all Turbine A results were within EFD error bars, with Cp differences between
CFD and EFD results of 17% and 0.8% at λ=1.5 and 2.5 respectively. Turbine B prediction
accuracy at low λ was similar, with differences in Cp prediction of 29.2%, 14.4% and 1.7% at
λ=1.5, 2 and 2.25 respectively. However, for both turbines Cp prediction accuracy reduced
as λ increased past the location of maximum Cp, with CFD Cp values shifted lower. The
authors suggest that this was due to over prediction of turbine blade drag due to the use
of a fully turbulent CFD model. This model can overestimate skin friction and hence drag
(Sørensen 2009) particularly at low angles of attack, reducing Cp at high λ where the blade
angles of attack are low (Paraschivoiu 2002). Improvements of simulation accuracy at high
λ may be possible using newly developed transitional turbulence models that can account
for this laminar-to-turbulent transition behaviour (ANSYS 2010a). Over prediction of Cp
at high λ may also occur as a result of blockage errors that were not accounted for in EFD
results which could artificially increase EFD Cp (Bahaj et al. 2007). Over prediction may
also occur due to differences in the turbulence intensity levels between the CFD models and
EFD testing, as high turbulence intensity levels can delay stall (Leu et al. 2012). This can
lead to increases in Cp especially at high λ (Maganga et al. 2010), however no turbulence
intensity measurements were recorded during EFD testing to compare to CFD turbulence
levels.
Significantly both CFD models were able to accurately capture the effect of geometrical
changes on maximum Cp, which was simulated to within 14.3% and 6.3% of maximum Cp
EFD results for Turbines A and B respectively. This prediction accuracy is much higher than
previous vertical axis turbine CFD predictions, which exhibit maximum Cp prediction errors
of more than 45% (Castelli et al. 2010, Danao 2012, Malipeddi & Chatterjee 2012, Matre
et al. 2013, McLaren 2011), possibly due to the inclusion of the full turbine geometry in the
present study. The use of 3D models also allows for the direct simulation of Cp without the
need for empirical correction for 2D models as previous used (Li & Calisal 2010b, Navabi
2008, Marsh et al. 2013).
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Figure 3.10: Comparison of CFD and EFD Cp − λ curves for Turbines A and B at an inflow
velocity of 1.5 ms−1. Error bars only reported for EFD Turbine A (Rawlings 2008)
It has previously been suggested that URANS methods are unable to accurately predict
vertical axis turbine blade vortex shedding and flow diffusion, requiring higher order CFD
methods such as Large Eddy Simulation (LES) (Li et al. 2013). However, the authors believe
that the accuracy of 3D CFD simulations when compared to EFD results, as demonstrated
in Figure 3.10, suggests that reasonable estimates of performance coefficients such as Cp can
be obtained by URANS methods, and that resolution of small-scale flow field detail by LES
or Direct Numerical Simulation (DNS) methods may not be necessary. Previous URANS Cp
prediction errors of more than 45% (Castelli et al. 2010, Danao 2012, Malipeddi & Chatterjee
2012, Matre et al. 2013, McLaren 2011) may be influenced more by their 2D nature than
overall CFD approach, with the lack of strut and tip effects having a greater influence on
Cp predictions than poor fine-scale vortex resolution. Comparisons of 3D CFD simulations
with and without struts are included in Appendix B, whcih demonstate the influence of
strut modelling on Cp prediction accuracy. Validation of this hypothesis could be performed
by comparing flow field simulations with EFD using Particle Image Velocimetry (PIV) to
establish the accuracy of the simulated vortex shedding and flow diffusion effects and their
influence on turbine performance characteristics (Ferreira 2009b).
3.3.2 Numerical Simulation of Power Output
Using the validated CFD simulation methods Cp − λ curves for Turbines A, B and C were
determined, and are shown in Figure 3.11. Although the turbines were the same in overall
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geometrical dimensions, there were significant Cp variations between the turbine designs for
all λ as a result of the changes in strut section, blade-strut joint design and strut location.
Figure 3.11: Comparisons of CFD Cp − λ curves for Turbines A, B, and C at an inflow
velocity of 1.5 ms−1
3.3.3 Influence of Strut Section and Blade-Strut Joint Design
The influence of strut section and blade-strut joint design on Cp was found to be significant,
as shown in Figure 3.11. The Cp for Turbine C was more than double that of Turbine B.
This large increase in Cp was due to changes in strut section and blade-strut joint design,
with all other geometry being identical for the two turbines. As shown in Figure 3.2, Tur-
bine C has a NACA0012 section for the strut and faired joints with the blades, whereas
the Turbine B struts have a machined flat bar section and small connection tabs for the
blade-strut joints. The more streamlined hydrodynamic strut section of Turbine C provided
lower levels of strut drag than the bluffer section used for Turbine B, resulting in reduced
levels of resistive torque generated by the turbine struts. This influence can be seen in Figure
3.11 to increase as tip speed ratio increases. The mounting tabs located at the blade-strut
joints used in Turbine B generated higher levels of parasitic drag when compared to the
more streamlined design of Turbine C, thus contributing to the Cp reduction. Although it
is difficult to isolate whether the strut section or the blade-strut joint design had the largest
impact on Cp, combined their effect on turbine performance was significant.
These outcomes from the CFD study are supported by the EFD results, where significant
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changes in Cp were found and attributed to strut drag and blade-strut joint changes between
the two designs (Rawlings 2008). The results show that to maximise Cp the selection of strut
section and blade-strut joint design is critical. If optimisation studies are performed solely
on blade section, as would occur using 2D CFD models, the effects on Cp of strut section
and blade-strut joint design would not be captured.
3.3.4 Influence of Strut Location
The location of the turbine struts was found to impact on Cp, with struts located at blade
tips increasing the effective blade length and acting as end-plates, increasing maximum Cp
by 12.4% as shown in Figure 3.11 when comparing Turbines A and C with strut locations
at blade tips and quarter span respectively. Although the increase in Cp was less than that
caused by strut section and blade-strut joint changes it was still considerable. This end plate
effect was also found in EFD where similar Cp increases of up to 16% at 1.5 ms
−1 were found
for Turbine B using NACA shaped end plates and circular disks (Rawlings 2008, Rawlings
et al. 2008)˙
Increases in Cp caused by increased effective blade length can be seen in the differences
between the vortex structures shown in Figure 3.12. Turbine C generated vortex structures
at both the blade ends and at the quarter span, whereas the location of Turbine A struts
at the blade tips combined the tip and blade-strut joint vortex structures, minimising flow
disturbance over the blade and thereby increasing total lift force and thus torque and Cp
generated.
3.3.5 Vortex Shedding Visualisation
Comparisons of vortex shedding strength were performed at λ=1.5 and λ=2.75 for Turbine B,
as shown in Figure 3.13. The influence of λ on vortex shedding as a result of the relationship
between blade angles of attack and λ (Paraschivoiu 2002) can be seen. At λ=1.5, large
vortices were shed from the blades, as they stalled in both the upstream and downstream
turbine sections due to the high angles of attack experienced at low λ. Vortices shed from
the blades traverse downstream with the water flow, impacting on the blades as they rotate,
reducing blade efficiency and thus the torque generated. However, at λ=2.75 there was a
marked reduction in vortex generation due to the high turbine rotational rate relative to
the inflow velocity. This results in the blades fluctuating through lower angle of attack
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Figure 3.12: Blade tip and strut vortex structures for Turbine A and C, vorticity in stationary
frame of 25 s−1 at an inflow velocity of 1.5 ms−1 and λ=2.75. Vortex strength of 25 s−1
chosen solely to illustrate differences between Turbines A and C
ranges (Paraschivoiu 2002), reducing flow separation and hence vortex generation, and thus
increasing blade efficiency and torque generated. Shaft vortex shedding at λ=1.5 can also be
seen to impact on the downstream blades, however at λ=2.75 again this effect was greatly
reduced, as the increase in rotation speed of the cylindrical shaft reduces the intensity of
vortex shedding (Mittal & Kumar 2003). Validation of these vortex shedding simulations
was not possible as EFD results included no flow visualisation, although validation would
be possible if EFD techniques such as PIV were performed.
3.3.6 Torque Ripple Simulations
The cyclic nature of the forces acting on the blades caused by the changing angles of attack
resulted in fluctuations in torque generated. These time variations in torque are transmitted
through the turbine drive train and can cause shaft and turbine vibrations, potentially dam-
age turbine components (Reuter et al. 1980, Winchester & Quayle 2011). Various methods
for quantifying torque fluctuations have previously been used (Li & C¸alis¸al 2010a, Navabi
2008, Reuter et al. 1980, Shiono et al. 2002, Winchester & Quayle 2011); in this work torque
ripple is determined as a Torque Ripple Factor (TRF), where,
TRF = CmMax − CmMin (3.4)
where CmMax and CmMin are the maximum and minimum moment coefficients, as demon-
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Figure 3.13: Vortex structure visualisation for Turbine B at λ=1.5 and λ=2.75 showing
vortex generation. Time series of isosurfaces of vorticity in stationary frame from 9 to 35
s−1 at an inflow velocity of 1.5 ms−1 on plane 0.05m from horizontal symmetry
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strated in Figure 3.14 for Turbine A at λ=2.75. This formulation allows for easy comparison
of the range of torque variations experienced and is similar to that used by Winchester and
Quayle (Winchester & Quayle 2011) and Shiono et al. (Shiono et al. 2002).
Figure 3.14: Torque Ripple Factor (TRF ) determination for Turbine A at an inflow velocity
of 1.5 ms−1 and λ=2.75
The maximum TRF for each of the three turbines occurred slightly below the λ location
of maximum Cp, as shown in Figure 3.15, which for Turbines A, B, and C were located at
λ=2, 2, and 2.25 respectively. This was due to the forces on the blades alternating between
high positive and negative values of lift in the upstream and downstream areas of rota-
tion due to the changing angles of attack over the blades as they rotate. Maximum TRF
was found to increase with turbine efficiency, with Turbine A showing increases in TRF of
53.7% and 8.7% compared to Turbines B and C respectively, due to the increase in total lift
forces. Both the location of maximum TRF and its relationship with Cp are unfortunate,
as turbines designed to operate at maximum Cp will operate near maximum TRF . This
can significantly shorten turbine life due to the large alternating loading forces which can
cause fatigue (Reuter et al. 1980, Winchester & Quayle 2011). Reductions of TRF would
be possible by using helical-bladed turbines, as the helical blade inclination angle reduces
torque pulsation (Shiono et al. 2002).
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Figure 3.15: Comparison of CFD Torque Ripple Factor (TRF ) for Turbines A, B, and C at
an inflow velocity of 1.5 ms−1
3.3.7 Turbine Mounting Force Simulations
Turbine loading forces in the inline (downstream), lateral (crosstream) and vertical (axial)
direction shown in Figure 3.16 were simulated, with no force in the vertical direction found
due to the horizontal symmetry of the turbine design. All forces were obtained using ANSYS
CFX, which integrates the pressure and shear over the turbine surfaces. Both average and
maximum forces were evaluated as the loading forces vary as the turbine rotates. The inline,
lateral and maximum forces were non-dimensionalised as,
FI = Inline Force/0.5V
2S (3.5)
FT = Lateral Force/0.5V
2S (3.6)
FMax = Maximum Force/0.5V
2S (3.7)
3.3.8 Validation of Inline Forces with Experimental Fluid Dynamics
Average CFD and EFD (Rawlings 2008) inline force coefficients for Turbine B are shown
in Figure 3.17. Good agreement between CFD and EFD was found across most λ, with
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Figure 3.16: Definitions of lateral, inline and vertical forces
differences of 8.2% and 2.5% at λ=2 and 2.5 respectively. The inline force magnitude in-
creased with λ due to increased flow velocity over the struts and hence increased strut drag.
However the inline force plateaued with increasing λ, which the authors suggest was caused
by reductions in cylindrical shaft drag coefficient as λ increased, as shown by EFD and
CFD studies on cylindrical bodies (Elmiligui et al. 2004). This effect may also be caused by
the turbine acting more like a solid body at high λ (Bachant 2011). Validation of lateral,
vertical and maximum forces was not possible as EFD data was not available, however close
correlation between EFD and CFD was demonstrated for inline force coefficients simulations.
Figure 3.17: Comparison of average CFD and EFD inline force coefficients for Turbine B at
an inflow velocity of 1.5 ms−1 (Rawlings 2008)
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3.3.9 Inline and Lateral Force Simulations
Simulations of inline and lateral force coefficients for Turbines A, B, and C were obtained
and are shown in Figure 3.18. Lateral forces were found to be approximately 75% lower
than inline forces, and were found to remain relatively constant across the range. Inline
force rose then plateaued as λ increased, due to reductions in shaft drag as rotation rates
increased. Notably inline forces were not significantly influenced by strut section, blade-strut
joint design or strut location, whereas the lateral forces were affected by changes in these
parameters due to variations in blade efficiency and thus blade lift force between Turbines
A, B and C. The maximum forces generated were found to be up to 40% higher than the
average forces due to TRF , with the average loading forces slowly plateauing above λ=3 due
to reductions in shaft drag and changes in blockage as λ increased. Below λ=3, maximum
mounting forces at each λ increased with turbine efficiency due to lateral force increases,
with variations in lift force driving the difference.
Figure 3.18: Comparisons of average inline, average lateral and maximum force coefficients
for Turbines A, B, and C at an inflow velocity of 1.5 ms−1
3.4 Conclusions
Three straight-bladed vertical axis tidal turbine configurations were simulated successfully
by 3D CFD models using the k-ω SST turbulence model. Two turbine models were success-
fully validated against EFD results, with maximum power output predictions within 15%
of EFD results. These results demonstrate that URANS models are an effective simulation
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tool for predicting vertical axis turbine power output, and that they can accurately capture
the effects of geometrical changes on power output between turbine designs.
The selection of strut section and blade-strut joint design was found to have a crucial impact
on power output. Power output with low drag struts with streamlined blade-strut joints was
found to be more than 50% higher than that of high drag struts with blade-strut connection
tabs. The location of the strut attachment point to the blade was found to impact power
output to a lesser but still significant degree, with struts located at the blade tips increasing
maximum power output by 12% when compared to struts located at the quarter span.
The relationship between torque ripple and rotation rate was investigated, with maximum
torque ripple occurring around the rotation rate where maximum power output was gener-
ated. As turbines are designed to operate at maximum power output they will experience
large loading fluctuations, the effects of which need to be further investigated.
Investigation of mounting forces using CFD models determined new relationships between
rotational rate and mounting forces. The average inline force magnitude was found to be
significant, with average lateral forces exhibiting lower values. A direct relationship be-
tween turbine efficiency and inline, lateral and maximum forces was determined, with more
efficient turbines exhibiting increased lateral forces while experiencing minimal changes in in-
line forces. Maximum forces were found to be more than 40% higher than the average forces.
This work has also shown that due to the continual increases of computing power available
to CFD users, the use of full 3D CFD simulation models for vertical axis turbines is pos-
sible without the need for unrealistic computational resources or time requirements. When
combined with the ability of the 3D models to capture the effects of geometrical changes
on power output the optimisation of turbine design using 3D CFD models is now possible
within reasonable timeframes.
The CFD simulation methods developed here will in future work be used to evaluate the
performance of helical-bladed turbines to determine any differences, and thus possible ad-
vantages, between helical and straight-bladed designs.
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Chapter 4
Comparisons Betwween DMS and CFD
Blade Force Simulations of
Straight-Bladed Vertical Axis Tidal
Turbines
This chapter has been submitted for publication in the Internation Journal of Marine En-
ergy, and at the time of writing is under review. The citation for the research article is:
Marsh P., Ranmuthugala, D., Penesis, I., & Thomas, G. Comparisons Betwween DMS and
CFD Blade Force Simulations of Straight-Bladed Vertical Axis Tidal Turbines, [Under re-
view, 2015].
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Abstract
The forces on the blades of a one and a three-bladed vertical axis turbine were obtained us-
ing Double Multiple Streamtube (DMS) and Three-Dimensional (3D) Computational Fluid
Dynamics (CFD) simulation models. The simulated blade force results were compared to
Experimental Fluid Dynamics (EFD) to establish the accuracy of the numerical methods
utilised. The DMS model incorporated the Gormont dynamic stall model to account for
changing angles of attack on the blades due to turbine rotation, whilst the CFD model
utilised the k-ω Shear Stress Transport (k-ω SST) turbulence model. For both turbine ge-
ometries the CFD model better predicted the maximum EFD forces normal to the blade
chord than the DMS model, whilst the EFD tangential blade forces were accurately sim-
ulated by both numerical models. Differences were noted between the magnitudes of the
force coefficients of the one and three-bladed turbines, as a result of the influence of flow
blockage and wake vortex shedding effects, with the three-bladed turbine exhibiting reduced
downstream normal and tangential force values when compared to the one-bladed turbine.
The simulation models developed as part of this work will be used to characterise turbine
blade loading using beam theory and Finite Element analysis techniques.
4.1 Introduction
To capture the kinetic energy held within oceans tidal and current flows horizontal and ver-
tical axis turbines are proposed. Of the two, vertical axis turbines might be better suited for
ocean installations as they exhibit two key advantages over horizontal axis designs: they are
insensitive to inflow direction and all electrical components can be mounted above the water
surface (Marsh et al. 2013). Although work has been carried out to simulate and investi-
gate the power output of these turbines (Marsh et al. 2012, 2013), little is known of their
blade loading characteristics. To ensure turbine longevity detailed understanding of blade
loading must be established, either by Experimental Fluid Dynamics (EFD) or by numerical
simulation using methods such as Fluid Structure Interaction (FSI) studies. These studies
can use either Computational Fluid Dynamics (CFD) or momentum-based Double Multiple
Streamtube (DMS) simulation models to determine the blade force magnitudes used as in-
put for the structural analysis models. Thus, before the FSI simulations can be performed,
the accuracy and efficiency of the CFD and DMS models must be established to ensure the
accuracy of the FSI models.
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Experimental measurements of turbine blade forces using EFD are rare, as research has
predominately concentrated on maximising power output. However, during a series of ex-
periments in the late 1970’s and early 1980’s, the blade forces of three vertical axis turbines
that varied in blade number were measured using strain gauges (Strickland et al. 1979,
Webster 1978). The blade forces were found to vary significantly with rotation angle and
blade number, with dynamic stall and wake shedding effects dominant. Numerical simu-
lations of the blade forces using vortex theory were performed, with reasonable agreement
found (Strickland et al. 1979). However, for two of the three rotation rates simulated where
dynamic stall effects were dominant, correlation coefficients were adjusted until results ap-
proximated EFD data. More recently, Duraisamy and Lakshminarayan (2014) modeled a
1.22m diameter one-bladed turbine using a Two-Dimensional (2D) CFD model, and com-
pared results against EFD testing carried out in 1982. Blade normal forces were predicted
accurately for the rotational rates studied when compared to EFD results. However, tangen-
tial force prediction accuracy was reduced, with the peaks in tangential force over predicted.
The varying accuracy of the blade force predictions was ascribed to the assumption of two-
dimensionality. Simulations for more than one blade, which would display a greater influence
of the wake effects, were not performed.
In this current study, numerical simulations were performed to obtain the blade forces on
one and three-bladed vertical axis turbines using DMS and Three-Dimensional (3D) CFD
models. Comparisons between numerical simulation results and EFD data obtained from
literature (Strickland et al. 1979, Webster 1978) were performed to examine the accuracy of
the simulation methods utilised, and thus determine any possible advantages between the
two numerical approaches. Examination of the influence of the number of blades on force
predictions due to wake effects was also performed.
4.2 Numerical Simulation
Simulations using momentum-based DMS models were performed using code scripted in
Matlab, with the method used based on the method developed by Paraschivoiu (Marsh et al.
2013, Paraschivoiu 2002). Numerical 3D CFD simulations were performed using the ANSYS
CFX software package (ANSYS 2010a), which solved the transient Unsteady Reynolds Av-
eraged Navier-Stokes (URANS) equations using an element-based finite volume approach.
The water density in all simulations was set to 1000 kg/m3.
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4.2.1 Turbine Geometry
The geometrical details of the two straight-bladed vertical axis turbine models simulated are
shown in Figure 4.1 and Table 4.1. The turbines differing only in blade number as shown in
Table 4.1. Numerical simulations using DMS and CFD models were used to determine the
normal and tangential forces on the blades relative to the blade chord, as shown in Figure
4.1, which were non-dimensionalised by the freestream dynamic pressure and the blade chord
as Fn and Ft respectively. The struts that supported the blades of the EFD turbine above
the freesurface were not modelled. This assumption was possible as the struts would not
generate significant levels of resitive torque as they rotated in air, allowing the simplifciation
of the numerical computational domain used.
Figure 4.1: Three-bladed turbine (a) geometrical details and (b) force nomenclature showing
normal (Fn) and tangential (Ft) force coefficient definitions. Dimensions in m (Strickland
et al. 1979, Webster 1978)
Table 4.1: Turbine Geometry for CFD and EFD Models (Webster 1978)
Geometry Dimensions
Number of blades 1 and 3
Blade section NACA0012
Blade chord 0.091m
Diameter 1.22m
Turbine span 0.91m
67
4.2.2 Double Multiple Streamtube Model
A momentum based mathematical model using the DMS method (Marsh et al. 2013, Paraschivoiu
2002) was developed to determine Fn and Ft, with the influence of dynamic stall incorporated
through the use of the Gormont method (Masson et al. 1998). The DMS method models
the turbine using a double actuator disk method to account for reductions in flow velocity
through the streamtube. Using iteration methods the upstream and downstream induction
factors were calculated, from which blade angles of attack can be determined. From the
blade angle of attack the blade forces were determined using NACA0012 lift and drag data
obtained at a Reynolds number of 50,000, approximating the Reynolds number of the blade
due to the rotation of the turbine. This lift and drag data was generated using the viscous
airfoil analysis tool Xfoil (Drela 1989).
Figure 4.2: DMS Streamtube Model showing an example of the streamtube method for cal-
culation of upstream and downstream flow values V∞i, V , Ve and V through one streamtube
The DMS model simulated the performance of a vertical axis turbine by modeling the reduc-
tion in flow velocity using two actuator disks. Using the interference factor u, the upstream
velocity V∞i shown in Figure 4.2 is reduced as it passed through the actuator disk, and the
local velocity V shown in Figure 4.2 is given by,
V = uV∞i (4.1)
The equilibrium velocity Ve shown in Figure 4.2 is determined as,
Ve = (2u− 1)V∞i (4.2)
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The downstream induced velocity V ′ shown in Figure 4.2 is determined using Ve as,
V ′ = u′(2u− 1)V∞i (4.3)
where u′ is the second interference factor for the downstream actuator disk. For the upstream
and downstream turbine sections, the local relative velocity W and the angle of attack θ are
determined geometrically using,
W 2 = V 2[(λ− sin θ)2 + cos2θ] (4.4)
and
α = sin−1
(
cosθ√
(θ − sin θ)2 + cos2 θ
)
(4.5)
where θ is the azimuth angle.
The upstream function fup was determined as:
fup =
Nc
8pir
∫ pi
2
−pi
2
(
Cn
cos θ
| cos θ| − Ct
sin θ
| cos θ|
(
W
V
)2
dθ
)
(4.6)
where N is the number of blades, c is the blade chord, and Cn and Ct, the normal and
tangential force coefficients, were respectively defined as:
Cn = Cl cosα+ Cd sinα (4.7)
and
Ct = Cl sinα− Cd cosα (4.8)
Values of Cl and Cd were determined using lift and drag tables at the local blade Reynolds
number Re where:
Re =
rωc
ν
(4.9)
with ν being the kinematic viscosity of water.
The DMS model splits the turbine into streamtubes for each azimuth angle θ, which are
further divided into upstream and downstream sections as shown in Figure 4.2. Solutions
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for the upstream sections are calculated first for each azimuth section by iteration, using
the method outlined in Figure 4.2. Once the upstream solutions are obtained, the iteration
process is repeated for each downstream azimuth section, using Ve determined from Equation
4.2 and u found from the upstream solution as input for the downstream iteration process.
During this iteration process updated values of u are found using,
unew =
pi
fup − pi (4.10)
where fup is calculated using Equation 4.6.
Once completed the upstream turbine blade torque Tup(θ) is determined over the span H of
the blades where:
Tup(θ) = 0.5ρcrHCtW
2 (4.11)
The average upstream half cycle torque coefficient Tup is calculated as
Tup =
N
2pi
∫ pi
2
−pi
2
(
Tup(θ)dθ
)
(4.12)
Thus, the upstream half-cycle torque coefficient CQ1 and upstream power coefficient Cp1 are
calculated as:
CQ1 =
Tup
0.5ρV 2∞iSr
(4.13)
and
Cp = CQ1λ (4.14)
This method is repeated for the downwind section to find the downstream Cp2 , and thus the
total turbine power coefficient Cp is calculated as:
Cp = Cp1 + Cp2 (4.15)
The DMS model estimates the blade dynamic characteristics from static coefficient data
tables to capture the effect of the rapidly changing angles of attack on the turbine blades as
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they rotate (Paraschivoiu 2002). For all simulations the dynamic stall correlation coefficients
were not modified, so as to evaluate the accuracy of the DMS model without any post-priori
correlation modifications using EFD results. The Gormont model simulates dynamic stall
by defining a reference angle of attack where the 2D coefficient data is considered (Masson
et al. 1998), given by,
αref = α−K1δα (4.16)
where;
K1 =
{
1 if α˙ ≥ 0
−0.5 if α˙ < 0 (4.17)
and
δα =
{
γ1S when S ≤ Sc
γ1Sc + γ2(S − Sc) when S > Sc
(4.18)
and
S = sqrt
cα˙
2W
(4.19)
and
Sc = 0.06 + 1.5(0.06− (t/c)) (4.20)
γ1 =
{
γ2/2 for lift
0 for drag
(4.21)
where
γ2 = γmx max
(
0,min
[
1,
M −M2
M1 −M2
])
(4.22)
where M is the Mach number, α˙ is the time derivative of α, and t/c is the relative thickness
of the turbine blade section. The values for the Gormont coefficients M1,M2 and γmx are
given in Table 4.2.
Using this model the dynamic lift and drag coefficients are determined by,
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Table 4.2: Determination of Gormont Coefficients M1, M2, and γmx
Lift Characteristic Drag Characteristic
M1 0.4 + 5.0 (0.06 (t/c)) 0.2
M2 0.9 + 2.5 (0.06 (t/c)) 0.7 + 2.5 (0.06 (t/c))
γmx 1.4 6.0 (0.06 (t/c)) 1.0 - 2.5 (0.06 (t/c))
CDynL = Cl(α0) +m(α− α0) (4.23)
and
CDynD = CD(αref ) (4.24)
where
m = min
[
CL(αref − CL(α0))
αref − α0 ,
CL(αSS)− CL(α0)
αSS − α0
]
(4.25)
where α0 is the zero lift angle of attack, and αSS is the static stall angle of attack. A
flow chart of the DMS model is shown in Figure 4.3, where the iteration process for each
streamtube and the dynamic stall coefficient corrections are shown.
4.2.3 Computational Fluid Dynamics Models
The blade forces of the one and three-bladed turbines were simulated using two 3D CFD
models that were meshed using ANSYS CFX 13.0 using unstructured tetrahedral elements
(ANSYS 2010a). These models included all blades and were geometrically equivalent to the
EFD turbines to allow validation of the numerical simulation approaches utilized against the
published experimental results (Strickland et al. 1979, Webster 1978). The density of the
mesh was varied according to expected flow curvature rates with increased density in regions
near the wake and blade regions. Alternatively, mesh density was reduced away from the
turbine surfaces to minimise computational effort, such as near the computational domain
boundaries. The boundary layers near the turbine surfaces were fully resolved using 30 lay-
ers, with the total boundary layer thickness estimated using turbulent boundary layer theory
(Marsh et al. 2015a,b). This estimated thickness was doubled to ensure that the boundary
layer was contained within the prescribed inflation layer region. Inflation layer mesh growth
rates were limited to 1.2 as recommended (ANSYS 2010a). Due to the proximity of the tips
of the blades to the bottom tank wall, mesh refinement was also performed in this region.
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Figure 4.3: Flowchart of DMS iteration process
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Turbine rotation was simulated by enclosing the turbine in an inner domain as shown in
Figure 4.4. This domain was rotated at 0.746 rads−1 (λ = 5) corresponding to the EFD
rotational rate (Strickland et al. 1979, Webster 1978) using the CFX transient rotor-stator
model (ANSYS 2010a). This model uses a General Grid Interface (GGI) to interpolate flow
values across the interface due to non-conformal mesh. To minimise any errors in the inter-
section algorithm, the GGI was placed at 1.5 times the turbine diameter measured from the
rotational axis (Marsh et al. 2013).
Figure 4.4: Domain boundary nomenclature and sizing. Dimensions in meters (m) and
turbine diameters (D)
The CFD domain dimensions are shown in Figure 4.4, with the associated boundary con-
ditions outlined in Table 4.3. The width and depth of the computational domain were set
to that of the EFD towing tank to account for any blockage effects. However, the domain
length was determined by doubling the domain length until variations in Fn and Ft reduced
to less than 5% between successive length refinements, thus allowing full wake development.
Simulations were performed to investigate the influence of domain size and boundary con-
ditions on blade loading parameters. Results indicated that free slip walls could be used
instead of no slip walls on the domain sidewalls, reducing the wall mesh density and thus
increasing computational efficiency. To reduce computational effort the waters surface was
modeled using a free slip wall, which simulated the surface pressure effects whilst simplifying
computational requirements when compared to a full multiphase approach. Examination of
simulation results against EFD from literature was performed to ensure the validity of this
free surface modeling assumption. The bottom tank wall modeled using a no slip boundary
condition to capture any boundary layer effects due to the proximity of the blades to the
bottom wall.
The k − ω SST turbulence model was utilised due to its ability to accurately model both
the free stream and boundary layer regions, as well as offering improved prediction of flow
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Table 4.3: Domain Boundary Conditions for the CFD model (Strickland et al. 1979, Webster
1978)
Boundary Condition
Inlet Uniform flow: 0.091 ms−1
Outlet Relative pressure: 0 Pa
Walls Free slip walls
Blade No slip walls
Bottom No slip wall
Top Free slip wall
separation and adverse pressure gradients by the inclusion of transport effects into the for-
mulation of the eddy-viscosity (ANSYS 2010a). This model has also demonstrated high
simulation accuracy for turbine power output simulations when compared against EFD re-
sults (Dai & Lam 2009, Lain & Osorio 2010, Marsh et al. 2012, 2013, 2015a,b, Nobile et al.
2011). The fluid was modeled as incompressible as all flow velocities were significantly less
than Mach 0.3. Fluid flow was assumed to be fully turbulent, with no laminar-to-turbulent
transitional effects considered to simplify computational effort. High order advection and
second order backward Euler transient terms were used to ensure numerical accuracy, as
previous simulations of vertical axis turbines found that low order schemes were unable to
accurately resolve turbine performance parameters (Marsh et al. 2015a). An inlet turbu-
lence setting of 5% was applied as no measurements of turbulence intensity were performed
during EFD testing (Strickland et al. 1979, Webster 1978). Convergence was achieved when
solution residuals reduced to below 10−4 and reduced by more than three orders of mag-
nitude, similar to previous works (Marsh et al. 2015a,b). To minimise convergence times
and hence solution time, all simulations were started from previous solutions, thus reducing
overall computational requirements.
Mesh Independence Studies
Systematic independence studies were performed for the one and three-bladed turbine simu-
lation models to ensure spatial, temporal, domain length, and boundary layer mesh indepen-
dence, similar to that performed previously (Marsh et al. 2012, 2013, 2015a,b). Independence
was achieved when doubling of these factors resulted in variations in Fn and Ft trending to
less than 5% between successive refinements, with an example of the trends shown in Figure
4.5. Mesh element count independence was determined for Fn and Ft at 7.4 x 10
6 and 14.2
x 106 mesh elements for the one bladed and three-bladed turbines respectively. The values
for Ft were highly influenced by mesh element count, as drag predictions are highly depen-
dent upon the mesh density in the chordwise direction and on the leading edges of the blades.
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Figure 4.5: Mesh element count independence for three-bladed turbine at a rotational rate
of 0.746 rads−1 and an inflow velocity of 0.091 ms−1
Time step studies were performed for the one and three-bladed turbine models to ensure
temporal independence, critical due to the highly transient nature of the flow. Temporal
independence was demonstrated at 0.9◦ of rotation per iteration step for Fn and Ft for both
turbine models, with an example shown in Figure 4.6 for the three-bladed turbine. Again the
values for Ft were highly influenced by mesh element count, as drag predictions are highly
dependent upon the mesh density in the chordwise direction and on the leading edges. The
time step size was low due to the high mesh density of the fully-resolved boundary layers.
Figure 4.6: Time independence for the three-bladed turbine at a rotational rate of 0.746
rads−1 and an inflow velocity of 0.091 ms−1
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Additional independence studies were performed for domain length and boundary layer mesh
density. Domain length independence was determined at 24.4m for both turbine models,
which allowed for full wake development. Given that the EFD tank length was limited, EFD
force data was obtained on the fourth revolution of the turbine to minimise any startup tran-
sient effects. Comparisons of CFD results with EFD were performed to determine whether
modeling the full wake replicated the blade forces with sufficient accuracy when compared
to EFD results. For both turbine models boundary layer mesh density independence was
evaluated by examining the influence on Fn and Ft of the average height of the first cell from
the turbine walls, known as the non-dimensional variable y+ (Paraschivoiu 2002). Indepen-
dence was demonstrated at an average y+=0.1 using methods similar to those outlined in
(Marsh et al. 2015a,b).
4.3 Results
Validation of the DMS and CFD numerical models was performed against EFD results avail-
able in literature of the testing of a one and three-bladed turbine conducted in a 10m long,
5m wide and 1.25m deep towing tank (Strickland et al. 1979, Webster 1978). During these
experiments the blade rotation angle was measured using a transducer, with normal and
tangential forces measured using strain gauges mounted on one of the turbine blades. Mea-
surements of all forces were performed during the fourth turbine revolution to minimise the
effect of any start-up transient results (Strickland et al. 1979, Webster 1978).
Comparisons of the DMS and CFD predictions with EFD for Fn and Ft for the one-bladed
turbine are shown in Figure 4.7. The DMS and CFD models were able to model the variations
in EFD blade forces for most rotational angles, with simulations revealing that Fn was
approximately 10 times than of Ft due to the high lift to drag ratio of the blade sections
used and dynamic stall effects (Paraschivoiu 2002). The blade loading was not symmetrical
between the upstream (-90◦ to 90◦) and downstream (90◦ to 270◦) regions, as a result of
the reduction in flow velocity through the turbine. Peaks in both Fn and Ft were found
located between -45◦ and 0◦, corresponding to the rotational location of maximum lift and
dynamic stall. The CFD model predicted the peak Fn to within 9.0% of EFD (Strickland
et al. 1979, Webster 1978); however the DMS model results were within 36.8%. During
EFD severe dynamic stall effects were noted, as the ratio of blade chord to radius was high.
This lead to high levels of dynamic stall that the Gormont model was unable to capture.
Improvements in modeling Fn peaks using the DMS model may be possible using more
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advanced dynamic stall modeling techniques such as the Beddoes-Leishman model (Masson
et al. 1998), however this would reduce the model’s simplicity.
Figure 4.7: Normal (a) and tangential (b) force coefficients for the one-bladed turbine com-
pared to EFD results (Strickland et al. 1979, Webster 1978) at a rotational rate of 0.746
rads−1 and an inflow velocity of 0.091 ms−1
Close agreement between the CFD and DMS simulations with EFD Ft was found as shown
in Figure 4.7. The DMS and CFD model replicated the EFD Ft peaks to within 0.6% and
3.8% respectively (Strickland et al. 1979, Webster 1978). In the downstream region Ft was
predicted with similar accuracy by both models. The close agreement was due to the simula-
tion of the reduction in flow velocity as the flow passes through the turbine. This reduction
is modeled directly by the CFD model as vortex shedding and blockage effects, and by the
DMS model using induction factors.
Comparisons of CFD and EFD predictions of Fn and Ft with EFD results for the three-
bladed turbine are shown in Figure 4.8. Maximum Fn was predicted by the CFD model to
within 10.1% of EFD, as the CFD model was able to capture the Fn peak caused by dynamic
stall. Similar to that found for the one-bladed turbine DMS simulations, the Fn prediction
accuracy of the DMS model was reduced when compared to EFD from literature (Strick-
land et al. 1979, Webster 1978). This reduction was ascribed to the high levels of dynamic
stall, which the DMS model was unable to simulate. In the downstream region, the DMS
and CFD Fn prediction results were similar, with large reductions in Fn magnitudes when
compared to the upstream peaks. These reductions in force resulted as the flow velocity was
reduced as it passed though the turbine. Similar to that found for the one-bladed turbine Ft
prediction, the shape of the Ft-rotation angle curves and Ft peaks were predicted accurately
by both the CFD and DMS models, with results within 3.2% and 2.4% of EFD respectively.
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Figure 4.8: Normal (a) and tangential (b) force coefficients for the three-bladed turbine
compared to EFD results (Strickland et al. 1979, Webster 1978) at a rotational rate of 0.746
rads−1 and an inflow velocity of 0.091 ms−1
Two key assumptions were made to simplify the CFD model; namely that the wake was fully
developed, and that the free surface could be modeled as a free slip wall. The influence of
these assumptions can be evaluated by comparing the CFD results against EFD as shown in
Figures 4.7 and 4.8. The close agreement of the CFD Fn and Ft predictions with EFD from
literature indicates that these assumptions are valid. Due to the low rotational and inflow
velocities, the turbine would generate minimum wake disturbances and hence wave making,
allowing the use of a free slip wall to model the water’s surface. Additionally, modeling
the full turbine wake did not reduce simulation accuracy when compared to EFD results
from literature, again due to the low rotational and inflow velocities (Strickland et al. 1979,
Webster 1978). Simulations that model turbine startup are computationally demanding, and
would require the modeling of additional variables such as turbine moment of inertia and
gearbox design that were not specified in the literature (Strickland et al. 1979, Webster 1978).
Given the accuracy of the CFD model found in this work, modeling of the turbine startup
process is not required for accurate replication of EFD forces for the example simulated here.
4.3.1 Flow Visualisation
The wake of the blades generates turbulent flow, which can be visualized as vorticity as
shown in Figure 4.9 for the one and three-bladed turbines respectively. Unlike the one-
bladed turbine blade, the blades of the three-bladed turbine shown traversed through the
disturbed wake of the preceding blades. The influence of blade wake on blade forces can be
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seen when comparing Figures 4.7 and 4.8, where the increase in blade number has reduced
the downstream Fn by more than half. The increase in flow turbulence not only reduces
downstream values, but also upstream force coefficients, due to flow reductions caused by
the increased blockage generated by the additional blades. The accuracy of both numerical
methods is due in part to the capture of the reduction in flow velocity through the turbine.
This reduction is simulated by the DMS model using the double actuator disk method and
by the CFD model by the direct simulation of vortex shedding and blockage effects.
Figure 4.9: Vortex shedding comparisons between (a) one and (b) three-bladed turbines at
a rotational rate of 0.746 rads−1 and an inflow velocity of 0.091 ms−1
The use of 3D CFD models has resolved the tip vortices shed by the blade as they rotate,
as shown in Figure 4.10. Large tip vortices were shed from the bottom of the blade, which
slowly traversed downstream. Two-dimensional CFD models would be unable to replicate
these tip vortices due the geometrical layout of vertical axis turbines, resulting in reduced
simulation accuracy when compared to 3D CFD models (Marsh et al. 2012, 2013, 2015a,b).
Near the top wall no tip vortices were shed from the blade as shown in Figure 4.10, as
the flow was constrained by the free slip boundary wall. This simplification of the free
surface reduced computational requirements without significantly reducing force simulation
accuracy as shown in Figures 4.7 and 4.8.
4.3.2 Computational Requirements
All simulations were performed on a distributed cluster comprising of Intel i7 860 2.8 GHz
based machines with 2GB memory per core. The DMS model took less than 1 minute on
1 core for the one and three-bladed turbines, whereas the CFD model took 20 hours on 32
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Figure 4.10: Influence of boundary walls on tip vortex generation of three-bladed turbine
at a rotational rate of 0.746 rads−1 and an inflow velocity of 0.091 ms−1. Isosurfaces of
vorticity of 0.5 s−1
cores for the one-bladed turbine and 26 hours on 32 cores for the three-bladed turbine. The
DMS model was found to be highly computationally efficient when compared to the CFD
model, making it ideal for initial design studies.
4.4 Conclusions
The blade loading of two experimental vertical axis turbines was simulated using DMS and
CFD models. Blade force prediction for the turbines aligned with the experimental results
with differing accuracy, dependent on whether normal or tangential blade forces were exam-
ined. The CFD model resulted in the closest replication of EFD normal force measurements,
with the normal force peaks accurately simulated. The DMS model normal force prediction
accuracy was reduced when compared to the CFD and EFD results, as the DMS model
was unable to accurately capture the peaks in normal blade forces caused by dynamic stall.
However, both the CFD and DMS models were able to accurately simulate tangential blade
forces. The influence of the blade wake was also captured by the DMS and CFD models,
with increasing blade number shown to reduce blade force values.
Future work is planned using both the DMS and CFD models to evaluate turbine blade
loading to gain further knowledge of operational turbine characteristics. Using these models
as input for FSI models, evaluations of blade stress and deformation levels will be performed
using beam theory and Finite Element Analysis techniques.
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Chapter 5
Numerical Simulation of Straight-Bladed
Vertical Axis Tidal Turbines
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Abstract
Previous research has shown that helical vertical axis turbines exhibit lower torque fluc-
tuation levels than straight-bladed turbines; however little is known of the impact of blade
helicity on turbine performance characteristics. To investigate these relationships the hydro-
dynamic characteristics of straight and helical-bladed vertical axis turbines were investigated
using Three-Dimensional (3D) Computational Fluid Dynamics (CFD) models using a com-
mercial Unsteady Reynolds Averaged Navier-Stokes (URANS) solver. Simulations of power
output, torque oscillations, and mounting forces were performed for turbines with overlap
angles from 0◦ to 120◦ and section inclination angles from -15◦ to 45◦. Results indicated that
straight-bladed turbines with 0◦ blade overlap generated the highest power output. Helical
turbines were found to generate decreasing power outputs as blade overlap angle increased
due to the resultant blade inclination to the inflow. Blade section inclination to the inflow
was also found to influence power output. Some benefits of helical-bladed turbines over
their straight-bladed counterparts were established; helical turbine torque oscillation levels
and mounting forces were reduced when compared to straight-bladed turbines. For both
straight and helical-bladed turbines maximum mounting force levels were found to exceed
the average force levels by more than 40%, with large cyclical loading forces identified.
6.1 Introduction
Straight-bladed vertical axis turbines, as proposed for tidal power generation, experience
significant torque oscillations as a result of changing angles of attack on the blades as they
rotate (Malipeddi & Chatterjee 2012, Paraschivoiu 2002, Winchester & Quayle 2011). These
oscillations generate alternating loading forces on the turbine structure that can lead to pre-
mature failure through fatigue if not adequately accounted for (Gorlov 1998, Scheurich et al.
2011). Research using Experimental Fluid Dynamics (EFD) has demonstrated that the use
of helical bladed turbines can reduce torque oscillation levels (Gorlov 1998, Niblick 2012, Sh-
iono et al. 2002), as the flow does not concurrently stall along the full blade length due to the
blade distribution around the rotational axis (Kirke 2011). However helical blade overlap,
φ, shown in Figure 6.1, may influence power generation due to the inclination of the helical
blades to the inflow. To investigate any relationships between these factors two approaches
can be utilised: EFD or numerical simulation using methods such as Computational Fluid
Dynamics (CFD).
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Figure 6.1: Straight (a) and helical (b) bladed vertical axis turbines, including the definition
of the helical blade overlap angle, φ
Although EFD testing results concur that helical-bladed turbines exhibit reduced torque os-
cillation levels (Gorlov 1998, Niblick 2012, Shiono et al. 2002), there is general disagreement
about the effects of helicity on power output. Shiono et al. (Shiono et al. 2002) tested a
series of straight and helical-bladed turbines with NACA633018 blade sections of the same
overlap angle but differing turbine spans. They demonstrated that helicity decreased power
output, and concluded that it was more appropriate to use straight rather than helical-
bladed turbines to maximise power output. Niblick (Niblick 2012) performed EFD testing
on two helical turbines with three and four NACA0018 blades of differing helicity. Results
indicated that power output reduced as helicity increased, as the helicity reduced total lift
and hence torque. However, Gorlov (Gorlov 2002) compared the power outputs of a straight
and 60◦ helical-bladed turbine of the same radius and height, determining that the heli-
cal turbine demonstrated increased power output over the straight-bladed design, in excess
of 50% at some rotational rates. Gorlov also noted improvements of up to 95% greater
power and 50% higher speed in comparison with a straight-bladed turbine of identical over-
all dimensions during EFD testing of 20 small 0.09 m diameter models (Gorlov 1998). The
reasons that Gorlov found power output to increase with blade overlap yet Shiono et al. and
Niblick found power output to decrease are unknown, and were a key driver for this research.
Numerical CFD studies of helical vertical axis turbines are limited as Two-Dimensional (2D)
models cannot be utilised due to the curved blade geometry, resulting in computationally
demanding simulations due to the resultant large mesh element counts associated with Three-
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Dimensional (3D) simulations. Castelli and Benini (Castelli & Benini 2012) performed 3D
CFD studies on a series of 1.03 m span single blades with overlap angles of 0◦, 30◦, 60◦, 90◦
and 120◦. Using the Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations and
the k-ω Shear Stress Transport (k-ω SST) turbulence model they found that power output
reduced as blade overlap angle increased. Hall (Hall 2012) simulated the power output of
two single and four bladed helical turbines and compared results with EFD (Niblick 2012)
using the URANS k-ω SST turbulence model. Power output was obtained at three rotational
rates but was found to over predict the measured results by more than 30%. This simulation
error was prescribed to the poor modelling of dynamic stall over the blades by the k-ω SST
turbulence model. Studies of the effects of helicity on power output are limited with no
comprehensive examinations found in literature.
The influence of blade helicity on power output, torque oscillations, and mounting loading
forces were predicted using time-accurate 3D CFD models to allow the establishment of
relationships between turbine blade shape and performance characteristics. To ensure nu-
merical simulation accuracy, validation studies were performed on three turbine models to
ensure that the CFD models accurately captured the influence of blade geometry on turbine
performance characteristics.
6.2 Turbine Geometry
Eight 3D CFD models were developed to investigate the influence of helical blade overlap and
section inclination on turbine performance characteristics. The baseline 0◦ (straight-bladed)
turbine design was geometrically identical to a previously tested EFD turbine (Rawlings
2008) to permit validation of the modelling techniques utilised. The turbines were designed
with ascending blade overlap angles of 0◦ (straight-bladed), 15◦, 30◦, 60◦ and 120◦ as shown
in Tables 6.1 and 6.2, allowing the direct characterisation of blade overlap with power out-
put, torque fluctuation levels, and mounting forces. The same blade profile was used for all
overlap turbines in this series. However, to investigate the influence of blade section incli-
nation, five 15◦ blade overlap models with blade sections inclined by -15◦, 0◦, +15◦, +30◦,
and +45◦ from the horizontal rotation plane were also developed as shown in Figure 6.2.
To ensure the accuracy of the numerical methods utilised, validation studies were performed
for two straight and one helical-bladed turbines, with all geometrical details shown in Tables
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Table 6.1: Turbine Design Parameters
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Table 6.2: Turbine Geometrical Parameters
Nomenclature 0◦ (Rawlings 2008) 0◦A (Rawlings 2008) Lucid (Bachant 2011)
Number of blades 3 3 3
Blade section NACA634021 NACA634021 NACA0020
Blade chord 0.0653 0.0653 0.14
Radius 0.4572m 0.4572m 0.5m
Blade span 0.6858m 0.6858m 1.32
Strut section NACA0012 Shaped Bar NACA0012
Strut chord 0.0653m 0.0467m 0.14m
Number of struts per blade 2 2 2
Shaft diameter 0.0483m 0.0483m 0.03175m
Figure 6.2: Definition of section inclination angle of the NACA634021 blade section to the
horizontal rotation plane
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6.2 and 6.3 (Bachant 2011, Bachant & Wosnik 2015, Rawlings 2008). All validation studies
were performed at full-scale to ensure that the results were influenced by neither scaling
nor Reynolds number effects. The 0◦ and 0◦A turbines differed in strut section and strut
location, allowing validation of geometrical changes against EFD results (Rawlings 2008).
Table 6.3: Validation Turbine Geometrical Design Parameters (Bachant 2011, Rawlings
2008)
6.3 Numerical Simulation Methodology
Turbine power output, torque fluctuation levels, and mounting loading were simulated using
transient time-accurate 3D CFD models using ANSYS CFX (ANSYS 2010a), which solved
the incompressible fully turbulent URANS equations using an element-based finite volume
method. Several performance parameters were investigated to enable the quantification of
turbine efficiency and loading characteristics. Turbine power output was evaluated as the
power coefficient, Cp, given by,
Cp = λ Cm (6.1)
where tip speed ratio, λ, was defined as,
λ = rω/V (6.2)
where ω was the turbine rotational rate, r was the turbine radius, and V was the inflow
velocity. The turbine torque coefficient, Cm, was determined as,
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Cm = T/(0.5ρV
2Sr) (6.3)
where ρ was the water density (set to 1000
kg
m3
for all simulations), S was the turbine frontal
area, and the torque T generated by the turbine was taken from the respective CFD or EFD
results.
The k-ω SST turbulence model was utilised due to its ability to accurately model both free
stream and boundary layer regions as well as offering improved prediction of flow separation
and adverse pressure gradients by the inclusion of transport effects into the formulation
of the eddy-viscosity (Menter 1994), with the k-ω SST CFD turbulence model commonly
used for vertical axis turbine simulations (Castelli & Benini 2012, Dai & Lam 2009, Gret-
ton 2009, Lain & Osorio 2010, Malipeddi & Chatterjee 2012, Marsh et al. 2012, 2013). To
ensure numerical accuracy and stability, all simulations were performed using a bounded
second order upwind-biased high order advection scheme along with an unbounded second
order backwards Euler transient scheme (ANSYS 2010a). Simulations using a first order
upwind advection and first order backwards Euler transient scheme resulted in extremely
poor resolution of Cp. Convergence was deemed achieved when solution residuals reduced to
below 10−4 and reduced by more than three orders of magnitude. Additionally convergence
was confirmed by ensuring that the final Cp determined was within 5% of the previous rota-
tions results, required due to the periodic nature of Cp. An example of Cp convergence for
the 0◦ turbine is shown in Figure 6.3, where Cp values converged after approximately 3600
time steps, corresponding to 9 rotations. To reduce overall simulation times all simulations
were started using previous results if available.
All turbine models were meshed using unstructured tetrahedral elements using ANSYS CFX
13.0 (ANSYS 2010a) and included all blades, struts, hubs, and the shaft. Mesh resolution was
set by specifying the mesh size and growth rates to allow for local refinement of mesh zones.
Mesh density was varied according to expected flow curvature rates resulting in increased
mesh density in regions near the blades, struts, hubs, shaft, and turbine wake region. Mesh
density near the leading and trailing edges of the blades and strut sections was increased com-
pared to density in the central sections to capture the expected flow velocity gradients using
the ANSYS curvature function (ANSYS 2010a). Mesh density was reduced away from the
surfaces to minimise computational effort such as on the domain boundary fields. Inflation
layers were used on all surfaces to fully resolve the boundary layer flow. Total boundary layer
thickness was estimated as 0.37c/Re1/5 with the blade chord c used to determine Reynolds
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Figure 6.3: Example of Cp convergence for the 0
◦ turbine at λ=2.75 at an inflow velocity of
1.5 ms1
number, Re (Anderson, 1985). The estimated thickness was doubled to ensure the bound-
ary layer was contained within the prescribed inflation layer region, with a total of 30 layers
used to capture the boundary layer flow. Inflation layer mesh growth rates were limited
to 1.2, with lower growth rates resulting in excess boundary layer mesh with no beneficial
increase in power output simulation accuracy. Boundary layer mesh density independence
was evaluated by examining the influence on power output of the average height of the first
cell from the turbine walls, known as the non-dimensional variable y+. The resultant y+
values for all 3D models was approximately y+=0.75, which aligned well with recommended
near wall resolution ranges for the k-ω SST turbulence model (ANSYS 2010a). Simulations
using reduced boundary layer inflation density and thus higher y+ values resulted in reduced
simulation accuracy as the ANSYS-prescribed wall functions (ANSYS 2010a) were unable to
resolve the flow near the walls due to high levels of separation and adverse pressure gradients.
Turbine rotation was simulated by enclosing the turbine in an inner domain as shown in
Figure 6.4 that was rotated using the CFX transient rotor-stator model at the desired λ
corresponding to the relevant CFD or EFD rotational rates. The interface between the
stationary and rotating domains was modelled using a General Grid Interface (GGI) over
which flow values were calculated using an intersection algorithm (ANSYS 2010a). The
GGI interface was placed at 1.5 times turbine diameter from the rotational axis to limit any
interpolation errors on power output predictions by increasing clearance between the blades
and the interface.
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Figure 6.4: Domain boundary nomenclature and sizing for (a) symmetrically reduced and
(b) full domain. Dimensions in relation to turbine diameter, D, and span, S
The computational domains shown in Figure 6.4 were generated to simulate free stream
conditions with all corresponding boundary conditions outlined in Table 6.4. To ensure that
the turbines were isolated from any domain wall effects and to allow for full wake devel-
opment, systematic domain size studies were performed. These studies ensured that the
domain walls did not influence Cp results, allowing the use of blockage-corrected EFD data
where available. All turbines were assumed to operate at sufficient depth to minimise any
free surface interaction effects. A reduced domain was used for the 0◦ and 0◦A turbines due
to symmetry about the horizontal axis as shown in Figure 6.4. To ensure that this use of
domain symmetry did not affect simulation accuracy, equivalent simulations were carried
out on full and half domains. The differences in Cp for the two domains were less than 0.4%,
justifying the employment of the half domain thus reducing the overall mesh size by a factor
of two. Symmetry could not be used to reduce the size and hence mesh element counts of
the helical turbine models as they were not symmetric about the horizontal axis.
Table 6.4: Boundary Conditions for all Turbines
Domain Wall Boundary Condition
Inlet Uniform flow: 1.5 ms−1 for helical study 1 ms−1 for Lucid study
Inlet turbulence level 5% turbulence
Outlet Relative Pressure - 0Pa
Walls Free slip walls
Turbine No slip wall
Studies of the influence of factors including mesh density, time step size, y+, domain length,
width, height, and domain symmetry were conducted. Independence was deemed satisfactory
when changes in these parameters resulted in Cp differences between successive refinements
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trending to less than 5%, resulting in a suitable balance between solution accuracy and com-
putational effort (Tu et al. 2013). Whilst examples of this method are shown in Figure 6.5
for the 0◦ and 15◦ overlap turbines, spatial and temporal independence was determined for
all turbine models with most simulations exhibiting monotonic convergence characteristics.
The resultant mesh element counts and time step sizes are outlined in Table 6.5.
Figure 6.5: Example of spatial and temporal independence for the 0◦ and 15◦ blade overlap
turbines at λ=2.75 at an inflow velocity of 1.5 ms1
Table 6.5: Spatial and Temporal Independence Results
Turbine 0◦A 0◦B Lucid 15◦-15◦ 15◦+0◦ 15◦+15◦ 15◦+30◦ 15◦+45◦ 30◦ 60◦ 120◦
Mesh size 106 17.2 17.3 37.2 31.9 30.3 30.9 30.0 29.8 31.7 37.0 54.0
Rotation / timestep 0.9◦ 0.9◦ 0.9◦ 0.45◦ 0.45◦ 0.45◦ 0.45◦ 0.45◦ 0.45◦ 0.45◦ 0.45◦
6.4 Validation Studies
Validation studies of the Lucid model were conducted against EFD testing available from
literature of a geometrically identical turbine at the University of New Hampshire Tow and-
Wave Tank at the Chase Ocean Engineering Laboratory, a 36.6m long, by 3.66m wide and
2.13m deep testing tank (Bachant 2011, Bachant & Wosnik 2015). Measurements of torque
generated at inflow velocities ranging from 0.6 ms−1 to 1.3 ms−1 were obtained at varying
rotational rates using a torque transducer and a hydraulic disk brake arrangement. Com-
parisons of CFD and EFD Cp − λ performance curves for the Lucid turbine are shown in
Figure 6.6. There was good agreement between the CFD and EFD results, with both the
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shape of the Cp − λ curve and maximum Cp magnitudes correlating well, with for example
the CFD Cp of 0.236 was within 4.8% of the EFD Cp of 0.248 at λ =2. The Cp − λ curve
was shifted minimally to lower Cp values at λ increased. The under prediction of Cp may
result from over prediction of blade and strut drag as a consequence of the use of a fully
turbulent CFD model, as they often overestimate skin friction and hence drag particularly
at low angles of attack that occur at high λ (Sørensen 2009). Fully turbulent models will
also not capture any laminar-to-turbulent flow transition effects which may occur due to flow
Reynolds numbers which were less than 500,000. Given the replication of the shape of the
Cp − λ curve and the accurate prediction of maximum Cp the additional computational ex-
pense (ANSYS 2010a) of laminar-to-turbulent transitional models was not deemed necessary.
Figure 6.6: Comparison of CFD and EFD Cp − λ curves for Lucid turbine at an inflow
velocity of 1 ms1 (Bachant 2011, Bachant & Wosnik 2015)
Validation of the 0◦ and 0◦A CFD models shown in Table 6.3 was performed against EFD
results available in the literature for two geometrically identical turbines conducted at the
University of British Columbia’s towing tank, a 60.1m long, 3.7m wide and 2.4m deep fa-
cility (Rawlings 2008). Using a torque sensor and rotation rate encoder, power output was
measured for varying rotational rates from λ =1.5 to 3.5 at an inflow velocity of 1.5 ms−1.
Figure 6.7 shows the comparisons of CFD and EFD Cp−λ curves for the 0◦ and 0◦A turbines
shown in Table 6.3 at 1.5 ms−1. At low λ (less than 2.5) good agreement was found between
the CFD and EFD results for both turbines, with differences in Cp between CFD and EFD
results for turbine 0◦ of 17% and 0.8% at λ =1.5 and 2.5 respectively. Turbine 0◦A predic-
tion accuracy at low λ was similar with differences in Cp prediction of 14.4%, and 1.7% at
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λ =2 and 2.25 respectively. However, Cp prediction accuracy reduced as λ increased past the
location of maximum Cp with CFD Cp values shifted lower. The authors suggest that the
reasons for increased error at high λ are threefold: lack of blockage corrections, the use of
a fully turbulent CFD model, and possible experimental inconsistencies at higher rotational
rates. The EFD results did not account for the tank blockage of 8% by the turbine, which
may reduce Cp magnitudes and shift the Cp − λ curve to lower λ values as shown in Lucid
EFD, where Cp was reduced on average by 25% (Bachant 2011, Bachant & Wosnik 2015).
The under prediction of Cp at high λ may also result from over prediction of blade and strut
drag as a result of the use of a fully turbulent CFD model, which often overestimate skin
friction and hence drag (Sørensen 2009). Fully turbulent models will also not capture any
laminar-to-turbulent flow transition effects which may occur due to the low blade and strut
Reynolds numbers of less than 500,000. Additionally the Cp − λ curve for the 0◦ turbine
appears to plateau whereas all other EFD from the same testing regime (Rawlings 2008)
revealed rapid decreases in Cp at high λ, suggesting possible experimental error at λ =3.5.
Figure 6.7: Comparison of CFD and EFD Cpλ curves for the 0
◦ and 0◦A turbines at an
inflow velocity of 1.5 ms−1. Error bars only reported for Turbine 0◦ (Rawlings 2008)
The CFD models accurately captured the effect of geometrical changes on maximum Cp with
results correlating to within 4.8%, 14.3% and 6.3% of the EFD results for the Lucid, 0◦ and
0◦A turbines respectively. This prediction accuracy is higher than previous CFD predictions
available in the literature, which exhibited maximum Cp prediction errors of more than 45%
(Castelli et al. 2010, Danao 2012, Hall 2012, Malipeddi & Chatterjee 2012, Matre et al. 2013,
McLaren 2011).
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6.5 Computational Requirements
Total simulation time was found to vary significantly as mesh element counts increased with
blade overlap angle as shown in Table 6.5. Simulations for one revolution of the 0◦ overlap
turbine model took 24 h on an 18 core cluster comprising of Intel Core 2 Quad Q9300 proces-
sors with 2 GB memory per core. However simulations for the 120◦ overlap turbine took in
excess of 72 h for one revolution on 50 cores of the same cluster as a result of the increase in
mesh element counts. Due to the continual increases of computing power available to CFD
users, the use of full 3D CFD simulation models for vertical axis turbines is now possible
without the need for unrealistic computational resources or time requirements.
6.6 Results and Discussion
The influence of overlap angle and section inclination angle on power output, torque oscilla-
tion levels and mounting forces was determined using 3D CFD models at an inflow velocity
of 1.5 ms−1. The 3D CFD models utilised varied in blade overlap angles from 0◦ (straight-
bladed) to 120◦ and section inclination angles from -15◦ to 45◦ to determine any relationships
between turbine geometrical design and performance.
6.6.1 Influence of helicity on power output
Figure 6.8 shows comparisons of CFD simulation results of power output for varying blade
overlap angles. Power output was found to be directly proportional to blade overlap. The
highest Cp=0.258 was found for the 0
◦ blade overlap turbine. As helicity increased maxi-
mum Cp reduced, eventually becoming negative at all λ for the 120
◦ overlap turbine. These
results signify that turbines with 0◦ blade overlap, known as straight-bladed turbines, will
develop the highest Cp. As blade overlap increased, the Cp − λ curves shifted to lower Cp
values for all λ as the reductions in the blade inclination angle to the inflow increased the
magnitude of spanwise flow over the blades. The Cp − λ coefficient curves for all helical
turbines were shifted to higher λ by λ=0.25 when compared to the 0◦ overlap turbine, as
the spanwise flow deformation reduced the effective blade chord and thus turbine solidity.
Differences in flow deformation are shown in Figure 6.9 for the 0◦, 60◦ and 120◦ overlap
turbines. Flow over the 0◦ overlap turbine was perpendicular to the blade section due to
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Figure 6.8: Comparison of CFD Cp − λ curves for blade overlap angles from 0◦ to 120◦ at
an inflow velocity of 1.5 ms−1
the blade inclination angle of 90◦, resulting in optimal hydrodynamic section alignment and
thus maximum power output. However, the flow over the blades of the 60◦ overlap turbine
was deformed in a spanwise direction, reducing the hydrodynamic efficiency of the NACA
sections. Correspondingly at 120◦ overlap the blade sections were poorly aligned with the
flow, resulting in negative power outputs for all λ. This flow deformation was found by
Castelli and Benini (Castelli & Benini 2012), who also found a corresponding increase in Cp
as helicity reduced.
Figure 6.9: Comparison of inclination of flow for 0◦, 60◦, and 120◦ overlap angle turbines at
an inflow velocity of 1.5 ms−1, λ=2.75
The derived relationship between helicity and Cp is supported by EFD and CFD research
from literature where Cp was demonstrated to increase as helicity reduced (Castelli & Benini
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2012, Niblick 2012, Shiono et al. 2002). However, Gorlov found during EFD that helical tur-
bines demonstrated Cp increases of up to 95% when compared to straight-bladed turbines
(Gorlov 1998, 2002). The majority of the published EFD and CFD works however agree that
increased helicity results in reduced power output, with straight-bladed turbines generating
the highest Cp for any given turbine frontal area.
Comparisons of helicity are shown in Figure 6.10 for the 60◦ and 0◦ overlap angle turbines.
Large levels of flow disruption over the 60◦ overlap turbine’s blades can be seen, which oc-
curred as a result of the spanwise flow caused by the inclination of the turbines blades. This
spanwise flow may reduce hydrodynamic performance as the shed vortices traverse down the
helical blades. In comparison significant reductions in flow disruption over the blade and
strut sections of the 0◦ overlap turbine are shown when compared to the 60◦ overlap turbine.
Differences in tip vortex magnitudes can also be seen that were generated by differences in
pressure variations over the lifting blade surfaces between the two designs.
Figure 6.10: Vortex shedding comparisons between the 60◦ and 0◦ overlap angle turbines,
vorticity of 16 s−1 at an inflow velocity of 1.5 ms−1 at λ=2.75
6.6.2 Influence of blade section inclination on power output
To examine the influence of blade section inclination CFD simulations were performed for
five turbines with differing section inclination angles as shown in Figure 6.11. For section
inclination angles of 0◦, 15◦, and 30◦ minimal changes in Cp were found as the hydrodynamic
profile of the blade section perpendicular to the flow did not vary significantly. However the
+45◦ and -15◦ blade sections were at increasingly tangential angles to the flow reducing
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their efficiency. These results indicate that blade section inclination is not critical for helical
vertical axis turbines as long as the blade sections are approximately perpendicular to the
leading edge.
Figure 6.11: Section inclination effects on the Cp−λ curves of the 15◦ overlap angle turbines
with section inclination angles of -15◦, 0◦, +15◦, +30◦ and +45◦ at an inflow velocity of 1.5
ms−1
6.6.3 Influence of helicity on torque oscillation levels
Straight-bladed vertical axis turbines experience significant cyclic torque oscillations as a
result of variations in blade angles of attack over each revolution (Malipeddi & Chatterjee
2012, Paraschivoiu 2002, Winchester & Quayle 2011). These oscillations generate alternating
loading forces on the turbine structure that can lead to premature failure through fatigue
(Gorlov 1998, Scheurich et al. 2011). Helical turbines have been shown to reduce levels of
toque oscillations due to their blade distribution around the rotational axis (Gorlov 1998,
2002, Kirke 2011, Niblick 2012, Shiono et al. 2002). This distribution ensures that the flow
does not stall along the full blade length simultaneously, reducing peaks in tangential force
levels and thus moment coefficients. An example of this effect is shown in Figure 6.12. Three
distinct peaks in torque coefficients for each turbine occur as each of the three blades gen-
erates peaks in tangential force in the upstream section of the turbine (Paraschivoiu 2002).
However, peak helical torque coefficients are reduced by 57.3% for the 60◦ overlap turbine
in comparison to the 0◦ overlap turbine as a result of the helical blade distribution. Visually
the effect of this distribution is shown in Figure 6.13. The flow angle of attack over the 60◦
overlap turbine varies with blade span as a result of the blade distribution, reducing peak
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tangential forces and thus moment coefficients. In contrast since the flow angle of attack of
the 0◦ overlap turbine does not vary with blade span, it generates large instantaneous peaks
in tangential force and thus moment coefficient peaks.
Figure 6.12: Variations in Cm for one revolution for the 0
◦ and 60◦ overlap angle turbines
at an inflow velocity of 1.5 ms−1 at λ=2.75
Figure 6.13: Angle of attack variations with span for the 0◦ and 60◦ overlap angle turbines
at an inflow velocity of 1.5 ms−1 at λ=2.75
To quantify relationships between blade overlap angle and torque oscillation levels, a series of
turbines with blade overlap angles ranging from 0◦ to 120◦ were simulated. Various methods
for quantifying torque fluctuations have previously been used (Navabi 2008, Shiono et al.
2002, Winchester & Quayle 2011); in this work torque oscillations were quantified as Torque
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Ripple Factor (TRF ), defined as,
TRF = CmMax − CmMin (6.4)
where CmMax and CmMin were the maximum and minimum moment coefficients as illus-
trated in Figure 6.12 for the 0◦ overlap turbine at λ =2.75. This formulation allows for
easy comparison of the range of torque variations experienced and is similar to that used by
Winchester and Quayle (Winchester & Quayle 2011) and Shiono et al. (Shiono et al. 2002).
Comparisons of TRF are shown in Figure 6.14 for blade overlap angles of 0◦,15◦, 30◦, 60◦,
and 120◦. All TRF − λ curves prescribe the same form with locations of peak TRF found
around the λ location of maximum Cp, reflecting the large variations of tangential forces
found at these λ. Significant reductions of up to 71.7% in TRF levels at λ =2 were found
when comparing the 0◦ and 120◦ overlap turbine’s as the overlap reduces peaks in tangential
forces. These results are supported by EFD of helical turbines in literature (Gorlov 1998,
2002, Kirke 2011, Niblick 2012, Shiono et al. 2002) where TRF levels were found to be sig-
nificantly reduced when compared to straight-bladed designs. Maximum Cp and TRF levels
were found to decrease at comparable rates with increasing helicity. Thus, if reductions in
TRF are desired, helicity could be increased, although this will also reduce the maximum Cp.
Figure 6.14: Comparisons of TRF − λ for varying overlap angles turbines from 0◦ to 120◦
at an inflow velocity of 1.5 ms−1
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The effects of blade section inclination angle on TRF are shown in Figure 6.15. In a similar
manner to Figure 6.14, all curves followed a similar TRF − λ shape, with the peaks located
around the λ for maximum Cp, reflecting the large variations of tangential forces found at
these λ. The 15◦+0◦, 15+15◦, and 15◦+30◦ section inclination turbines exhibited similar
TRF magnitudes as the blades were approximately aligned with the inflow, resulting in
similar power output magnitudes. However, the 15◦-15◦ and 15◦+45◦ section inclination
turbines exhibited reduced TRF as the inclination of the blade sections resulted in reduc-
tions in the magnitudes of the alternating forces on the blades. Although beneficial, these
reductions in TRF were accompanied with reductions in power output.
Figure 6.15: Comparisons of TRF- for 15◦ overlap angle helical turbines with section incli-
nation angles from 15◦ to 45◦ at an inflow velocity of 1.5 ms−1
6.6.4 Influence of helicity on turbine mounting forces
Inline, lateral, and vertical forces shown in Figure 6.16 were determined for turbines with
blade overlap angles of 0◦ and 15◦, as increasing overlap above 15◦ resulted in significant
reductions in Cp as shown in Figure 6.8. Inline, lateral, vertical and maximum forces were
non-dimensionalised by 1/2ρV 2S to form the force coefficients CFX , CFY , CFZ and CFMax
respectively. To ensure CFD simulation accuracy, validation studies were performed against
measurements of inline drag obtained from EFD studies available within the literature for
the 0◦ and Lucid turbines (Bachant 2011, Bachant & Wosnik 2015, Rawlings 2008).
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Figure 6.16: Definitions of lateral, inline, and vertical force vectors for the 3D CFD domains
Comparisons of average CFD and EFD (Rawlings 2008) inline force coefficients (CFX) for
the 0◦ overlap turbine are shown in Figure 6.17. Reasonable agreement between CFD and
EFD was found across most λ with differences of 8.2% and 2.5% at λ =2 and λ =2.5 re-
spectively. Reductions in the slope of the CFD curve when compared to EFD may be due
to blockage effects which were not accounted for in the CFD studies. Additionally the EFD
results do not closely follow any trend with possible experimental error in CFX results at
λ =2.25. The inline force magnitude increased with λ due to increased flow turbulence levels
over the struts, which increased strut drag and thus the resistive torque generated (Marsh
et al. 2012, 2013). Increases in inline drag force also occurred as the turbine acts more like
a solid body at high λ rates (Bachant & Wosnik 2015). Inline force coefficients were also
derived for the Lucid turbine as shown in Figure 6.17 and compared against EFD results
(Bachant 2011, Bachant & Wosnik 2015). Good agreement between CFD and EFD was
found, with all CFD results falling within the reported error bars. Inline force coefficients
were approximately constant with λ showing similarities with the 0◦ overlap turbine in Fig-
ure 6.17, where the inline force coefficients appear to plateau at high λ values.
Simulation results for all force coefficients are shown in Figure 6.18 for the 0◦ and 15◦ overlap
turbines. The average lateral forces, CFY , for both turbines remained relatively constant
across λ and were approximately 75% lower than inline force coefficients, CFX . Average
CFX for both turbines rose then appeared to plateau around the λ location where maximum
Cp was found as shown in Figure 6.8 as the turbines act more like solid bodies at high λ
rates (Bachant & Wosnik 2015). Reductions in CFX for the 15
◦ blade overlap turbine of
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Figure 6.17: Comparison of average CFD and EFD inline force coefficient, CFX , for the 0
◦
blade overlap (Rawlings 2008) and Lucid (Bachant 2011, Bachant & Wosnik 2015) turbine
at an inflow velocity of 1.5 ms−1. Lucid error bars reported in EFD (Bachant & Wosnik
2015), no error bars reported in EFD for 0◦ blade overlap turbine (Rawlings 2008)
approximately 20% were found when compared to the 0◦ overlap turbine, as the flow in the
downstream direction was not impacting on the full 0◦ blade overlap turbine rectangular
blade area, but rather on a reduced frontal blade area caused by the helicity of the blades.
This inline surface area effect is reduced as λ increases as the turbine blades act more like
a solid body, with results converging for both turbines (Bachant & Wosnik 2015). Vertical
forces, CFZ , were also calculated for the 15
◦ overlap turbine as shown in Figure 6.18, result-
ing from the spanwise flow deformation illustrated in Figure 6.9. These can lead to axial
loadings on shaft bearings, however the force magnitudes were small compared with CFX
and CFY . Conversely, 0
◦ overlap turbines in uniform flow exhibit no vertical forces due to
their horizontal symmetry. Predicted maximum mounting force coefficients, CFMax, for the
0◦ and 15◦ overlap angle turbines were found to be up to 40% higher than the average forces
due to TRF , with the average loading forces slowly plateauing above λ =3 due to reductions
in shaft drag and changes in blockage as λ increased. The helical distribution of the blades
of the 15◦ blade overlap angle turbine around the rotational axis resulted in reductions of
CFMax when compared to the 0
◦ overlap turbine; however as λ increases the results appear
to converge due to blockage effects at high λ.
The fluctuating forces in the inline and lateral directions generated cyclical loading as shown
in Figure 6.19. This cyclical loading may induce structural resonance depending on the nat-
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Figure 6.18: Comparison of average inline, CFX , lateral, CFY , vertical, CFZ , and maximum,
force coefficients, CFMax for the 0
◦ and 15◦ overlap angle helical turbines at 1.5 ms−1
Figure 6.19: Cyclical mounting forces loading for the 15◦ blade overlap angle turbine for one
revolution at an inflow velocity of 1.5 ms−1
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ural frequency response of the turbine structure. Using 3D CFD simulations, cyclic force
levels over each revolution as well as their frequency can be obtained, which when combined
with natural frequency calculations may allow for the alleviation of any unwanted structural
resonance effects.
6.7 Conclusions
The hydrodynamic performance of straight and helical-bladed vertical axis turbines was
investigated using validated 3D URANS CFD simulation models. Helicity was found to
generate significant spanwise flow, reducing lift and increasing drag on the turbine blades.
Thus straight-bladed turbines, which by definition have a blade overlap of 0◦ and thus no
blade helicity, will generate the highest power output when compared to helical turbines of
the same frontal area. The significance of this cannot be underestimated; straight-bladed
turbines exhibit higher power output when compared to helical-bladed designs.
Although helical turbines exhibit lower power output than straight-bladed turbines they
offer some advantages. The curvature of the blades around the rotational axis was found to
reduce torque oscillation and unsteady force loading levels. Differences in mounting forces
were also determined between straight and helical-bladed turbines, with reductions in force
coefficients found for the helical-bladed turbine as a result of the blade distribution around
the rotational axis. The 15◦ overlap helical turbine also generated vertical forces unlike the
0◦ straight-bladed counterpart, again due to differences in blade distribution, although all
vertical axis forces were not significant. For both turbines, the maximum forces were found
to be more than 40% higher than the average forces.
This study reveals three key conclusions:
• Straight-bladed turbines generate higher power output than helical turbines;
• Helical turbines are better at reducing torque oscillation levels and mounting forces,
although maximum power output will be reduced; and
• Blade section alignment to the inflow is not critical as long as the blade section is
approximately perpendicular to the blade leading edge.
The 3D CFD models developed in this paper will be used to further investigate the blade
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loading of helical and straight-bladed vertical axis turbines. As a result of the relationships
between blade helicity and power output shown here only turbines with low blade overlaps
will be investigated to maximise power generation capacity.
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Chapter 7
Numerical Simulation of the Loading
Characteristics of Straight and
Helical-Bladed Vertical Axis Tidal
Turbines
This chapter has been submitted for publication in the Journal Renewable Energy and at
the time of writing is under review. The citation for the research article is:
Marsh P., Ranmuthugala, D., Penesis, I., & Thomas, G. Numerical Investigation of the In-
fluence of Blade Helicity on the Performance Characteristics of Vertical Axis Tidal Turbines,
[Under review, 2015].
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Abstract
The stress and deflection of straight and helical-bladed vertical axis turbines was investigated
using hydrodynamic and structural analysis models. Using Double Multiple Streamtube
(DMS) and Computational Fluid Dynamics (CFD) models, the hydrodynamic forces and
pressures on the turbines were modeled for three rotational rates from startup to over speed
conditions. The results from these hydrodynamic models were used to determine stress and
total deflection levels using beam theory and Finite Element Analysis (FEA) methods. Max-
imum stress and deflection levels were found when the blades were aligned with the inflow
in the upstream region, with the highest stresses found at the blade-strut joints. The heli-
cal turbine exhibited on average 13% lower maximum stress levels than the straight-bladed
turbine, due to the helical distribution of the blades around the rotational axis. All simula-
tion models offered similar accuracy when predicting maximum blade stress and deflection
levels; however for detailed analysis of the blade-strut joints the more computationally de-
manding CFD-FEA models were required. Straight-bladed, rather than helical turbines,
are suggested to be more suited for tidal installations, as for the turbines studied in this
work they produced 8% higher power output with only 13% greater structural stress loading.
7.1 Introduction
Existing studies of vertical axis turbines used for ocean power generation have concentrated
primarily on hydrodynamics rather than structural analysis, as researchers have sought to
maximise power output. To ensure longevity in marine environments however, detailed
knowledge of turbine structural loading characteristics must be established. Although pos-
sible using strain gauges, Experimental Fluid Dynamics (EFD) studies to obtain loading are
rarely performed. This fact, when combined with a general lack of turbine development over
the last 15 years, has limited turbine usage (Sutherland et al. 2012). However, knowledge
of turbine hydrodynamics and structural characteristics can be obtained by numerical sim-
ulation using methods such as coupled Computational Fluid Dynamics (CFD) and Finite
Element Analysis (FEA) codes. Additional research into both hydrodynamics and structural
characteristics using numerical techniques will further understanding of turbine operational
characteristics.
Both straight and helical-bladed designs, as shown in Figure 7.1, are proposed by various
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researchers to generate power from the oceans kinetic energy (Hameed & Afaq 2013, Li
et al. 2014, Marsh et al. 2015a, Paraschivoiu et al. 2012). The designs differ in blade helicity,
defined by the blade overlap angle φ shown in Figure 7.1. Straight-bladed turbine have
0◦ blade overlap, whereas helical turbines use blades that are distributed around the rota-
tional axis at a defined overlap angle of φ. Previous research by the authors indicated that
straight-bladed designs generated higher power output when compared to helical turbines
of the same frontal area and blade section as a result of the inclination of the helical tur-
bines blades to the inflow (Marsh et al. 2015a). Conversely, helical turbine torque oscillation
levels and mounting forces were reduced when compared to straight-bladed turbines, due
to the distribution of the turbine blades around the rotational axis (Marsh et al. 2015a).
Comparisons of the influence of these factors on the structural loading characteristics of
the two designs is currently unknown, as previous research into loading characteristics has
concentrated primarily on straight-bladed turbine designs.
Figure 7.1: Straight (a) and helical-bladed (b) vertical axis turbines, showing definitions of
azimuth rotational angle θ, and blade overlap angle φ
Characterization of vertical axis turbine loading characteristics can be performed numeri-
cally by coupling Double Multiple Streamtube and CFD models with beam theory or FEA
analysis methods (Hameed & Afaq 2013, Li et al. 2014, Paraschivoiu et al. 2012, Tsai & Chen
2014). However, considerable knowledge gaps exist in the characterisation of structural load-
ing. Previous numerical studies have often been limited to either helical or straight-bladed
designs (Hameed & Afaq 2013, Li et al. 2014, Paraschivoiu et al. 2012, Tsai & Chen 2014),
with no comparison between loading characteristics of the two designs performed. These
works have often concentrated on blade loading, with no determination of the loading of the
struts and blade-strut joints performed (Hameed & Afaq 2013, Paraschivoiu et al. 2012, Tsai
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& Chen 2014). Additionally, previous simulations have concentrated on evaluating loading
characteristics at a single rotational rate (Hameed & Afaq 2013, Li et al. 2014, Paraschivoiu
et al. 2012, Tsai & Chen 2014). Research extending numerical simulation models to in-
vestigate straight and helical-bladed turbines using models with all geometrical features
including struts at multiple rotation rates will give greater insight into turbine characteris-
tics, and allow for the evaluation of any advantages between the differing geometrical layouts.
In this current study, the blade loading of a straight and helical-bladed vertical axis turbine
was determined to characterise blade and strut loading. The hydrodynamic inputs were
generated using DMS and CFD models, which were combined with the application of cen-
trifugal and gravitational forces to form structural analysis models using beam theory and
FEA. Characterization of maximum stresses and deflection levels and their relationships with
blade azimuth angle were performed. This work also sought to determine whether straight or
helical-bladed turbines are more suited to generate ocean power from both hydrodynamics
and structural perspectives.
7.2 Turbine Geometry
Two vertical axis turbine designs were simulated to evaluate the influence of variations of
blade helicity on turbine structural loading characteristics. These models differed only in
blade helicity as shown in Figure 7.1, with all common geometrical dimensions outlined in
Table 7.1. Only two designs were considered: a straight-bladed turbine and a helical turbine
with 15◦ of blade overlap. These were chosen as previous studies demonstrated that power
output reduced significantly as blade overlap increased above 15◦ (Marsh et al. 2015a), re-
ducing turbine utility for power generation. The geometrical layout of the straight-bladed
turbine was based on an EFD turbine from literature to allow for validation of the numerical
simulation techniques utilised (Marsh et al. 2015a, Rawlings 2008). The helical turbine used
the same frontal area, strut geometry, blade chord, and blade section to allow comparisons
between the two designs. Both turbines had two struts per blade located at the blade tips.
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Table 7.1: Shared Geometry of the Straight and Helical Turbines
Geometry Dimensions
Number of blades 3
Turbine height 0.6858m
Blade section NACA634021
Blade chord 0.065m
Blade overlap 0◦
Radius 0.457m
Strut section NACA0012
Strut chord 0.065m
Number of struts per blade 2
Shaft diameter 0.048m
7.3 Numerical Simulation Methods
Three loading simulation models were developed allowing for comparisons of the respective
benefits of each numerical simulation technique. The simulation models were performed
in two steps, first the hydrodynamics followed by the structural simulations. The models
developed were the:
• DMS-Beam, DMS blade forces combined with a beam theory model;
• CFD-Beam, CFD blade forces combined with a beam theory model; and
• CFD-FEA, CFD model coupled to the FEA model using pressure mapping techniques.
7.3.1 Hydrodynamic Simulations
Numerical simulations of the hydrodynamic forces were performed using DMS and CFD
simulation models. For both models, force coefficients normal to the blade chord were deter-
mined, with the forces non-dimensionalised by dynamic pressure and blade chord. The CFD
model was also used to output surface pressure data for use with the coupled CFD-FEA
model.
Double Multiple Streamtube (DMS) Model
The normal blade force coefficients were modeled using a DMS model previously devel-
oped by the authors based on the methods outlined by Paraschivoiu (Marsh et al. 2013,
Paraschivoiu 2002) and in Chpater 4. The turbine was modeled using a double actuator
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disk method to account for reductions in flow velocity through the streamtube from V1 to
V2 as shown in Figure 7.2. Using iterative methods upstream and downstream, induction
factors were calculated from which blade angles of attack were determined. Once the latter
were known, the forces normal to the blade chord were determined using lift and drag data
obtained using the viscous airfoil analysis tool Xfoil (Drela 1989). As NACA634021 data
was not readily available, NACA634221 data was used as it was similar in profile. The DMS
model included dynamic stall modeling using the Gormont method to simulate the influence
of the variations in blade angles of attack generated by the rotation of the blades (Mas-
son et al. 1998). Currently the DMS model developed by the authors cannot model helical
turbines, as the hydrodynamic influence of the blade inclination has not been adequately
accounted for.
Figure 7.2: DMS model showing an example of the streamtube method for calculation of
upstream and downstream flow velocity values V1 and V2
The DMS model developed was previously validated with EFD testing from literature for a
one and three-bladed turbine configuration in Chapter 4 and (Strickland et al. 1979, Webster
1978). The azimuth angle of the maximum normal force was predicted accurately; however
its value was under predicted on average by 40% as a result of severe dynamic stall effects
that the Gormont model was unable to satisfactorily capture as shown in Chapter 4. This
may be exacerbated due to severe dynamic stall caused by the thin blade section used. It
is expected that the application of the Gormont model to the NACA634021 section mod-
eled here will result in increased maximum force prediction accuracy, due to the reduction
in the severity of dynamic stall demonstrated by thick blade sections (Choudhry et al. 2014).
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Computational Fluid Dynamics (CFD) Models
Turbine blade forces were simulated using transient time-accurate 3D CFD models using
ANSYS CFX (ANSYS 2010a, Marsh et al. 2015b), which solved the incompressible fully
turbulent URANS equations using an element-based finite volume method. All turbine
models were meshed using unstructured tetrahedral elements using ANSYS CFX 13.0 (AN-
SYS 2010a, Marsh et al. 2015b). Mesh resolution was set by specifying the mesh size and
growth rates to allow for local refinement of mesh zones, with inflation layers used on all
surfaces to fully resolve the surface boundary layer flow (ANSYS 2010a, Marsh et al. 2015b).
Turbine rotation was simulated by enclosing the turbine in an inner domain as shown in
Figure 7.3 that was rotated using the CFX transient rotor-stator model at the desired rota-
tional rate. The interface between the stationary and rotating domains was modeled using
a General Grid Interface (GGI) over which flow values are calculated using an intersection
algorithm (ANSYS 2010a, Marsh et al. 2015b).
Figure 7.3: Simulation domain boundary nomenclature and sizing used for straight and
helical CFD models. Dimensions in relation to turbine diameter, D, and height, S, as shared
by the two turbine designs
The computational domains shown in Figure 7.3 were generated to simulate free stream con-
ditions, with all corresponding boundary conditions outlined in Table 7.2. To ensure that the
turbines were isolated from any domain wall effects and to allow for full wake development,
systematic domain size studies were performed (Marsh et al. 2014, 2015a,b). All turbines
were assumed to operate at sufficient depth to minimise any free surface interaction effects,
and thus only the water phase was modeled.
133
Table 7.2: Boundary Conditions for the Straight and Helical Turbines
Boundary Condition
Inlet Uniform flow: 1.5 ms−1
Inlet 5% turbulence
Outlet Relative pressure: 0 Pa
Walls Free slip walls
Turbine No slip walls
The k − ω SST turbulence model was utilised for turbulence closure due to its ability to
accurately model both free stream and boundary layer regions as well as offering improved
prediction of flow separation and adverse pressure gradients by the inclusion of transport
effects into the formulation of the eddy-viscosity (Menter 1994), with the k − ω SST CFD
turbulence model commonly used for vertical axis turbine simulations (Castelli et al. 2010,
Dai & Lam 2009, Gretton 2009, Lain & Osorio 2010, Marsh et al. 2012, 2013, 2014, 2015b,
Malipeddi & Chatterjee 2012). To ensure numerical accuracy and stability, all simulations
were performed using a high order advection and second order transient scheme (ANSYS
2010a). Convergence was deemed achieved when solution residuals reduced to below 10−4
and reduced by more than three orders of magnitude.
Studies of the influence of factors including mesh density, time step size, y+, domain length,
width and height were conducted. Independence was deemed satisfactory when significant
increases in these parameters resulted in Cp differences between successive refinements trend-
ing to less than 5% (Tu et al. 2013). This resulted in a suitable balance between solution
accuracy and computational effort. Full mesh convergence studies were conducted by the
authors for the straight and helical-bladed turbine simulated in this work and were presented
previously in (Marsh et al. 2013, 2014, 2015b).
Validation of CFD methods against EFD testing of a one and three-bladed turbine from
literature revealed good agreement for force coefficient predictions as outlined in Chpater
4. Maximum normal and tangential force coefficients were predicted on average to within
5.7% of EFD (Strickland et al. 1979, Webster 1978), with the relationship with rotational
angle replicated accurately. Additionally, considerable validation of CFD power output was
performed on both straight and helical-bladed turbines of similar design using EFD results
from literature, with maximum power output predicted to within 14.3% and 6.3% of EFD
results for each turbine respectively (Marsh et al. 2014, 2015a,b, Rawlings 2008).
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7.3.2 Structural Simulations
Two numerical simulation models were utilised to characterise turbine loading characteris-
tics; beam theory and FEA models. These models used either force or pressure field results
from the DMS and CFD models.
Beam Theory Model
A beam theory model was developed using code scripted in Matlab. Three key assump-
tions were made to allow the use of this approach. The normal force was assumed to be
uniformly distributed to simplify the coupling between the hydrodynamic and structural
models, although the actual force distribution may be reduce near the tips of the blades
due to blade end and blade-strut interaction effects. The normal force was also assumed to
contribute the most to blade stress and deflection, as normal forces are on average an order
of magnitude greater than the tangential forces (Paraschivoiu 2002). The normal force also
acts in the direction normal to the blade chord line, resulting in large bending moments
when compared to the small bending moments caused by the tangential forces. The blades
were also assumed to be simply supported at each end, resulting in the assumption that the
stress at the blade ends were zero as beam models were unable to model the stress at the
blade-strut joints due to the geometrical layout of vertical axis turbines. The beam theory
models were developed to establish their accuracy when compared to CFD-FEA models in
the simulation of blade stress and deflection as they require considerably less computational
requirements and solutions times.
To calculate the blade stress and deflection, first the normal force coefficients are determined
using the DMS or the CFD models. The forces determined are then transformed into a
uniformly distributed load across the span of the blade. The centrifugal force Fc caused by
the turbine rotation is found as,
Fc = mω
2r (7.1)
where m is the blade mass, ω is the rotational rate, and r is the turbine radius. The total
distributed load, w, acting on the blade span is the sum of hydrodynamic and centrifugal
forces calculated. Using this total load, the bending moment, Mb is calculated using simple
beam theory, where the bending moment is obtained as,
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Mb =
wl2e
8
(7.2)
where le is the blade span. The maximum stress, σ, is determined using,
σ =
My
I
(7.3)
where y is half the maximum blade thickness, and I is the area moment of inertia determined
using a simple approximations for hydrofoil sections (Area and Bending Inertia of Airfoil
Sections 2015) given by,
I = K1c
4t(t2 + 2) (7.4)
where K1 is a derived proportional coefficient based on values of area and bending inertia
for common hydrofoil sections, c is the blade chord, t is the blade thickness, and  is the
camber percentage. The blade deflection is calculated using,
Deflection =
5wl4e
384EI
(7.5)
where E is the material modulus of elasticity.
Structural Finite Element Analysis (FEA) Model
The stress and deflection on turbine blades and struts were evaluated using the ANSYS FEA
linear Static Structural analysis module (ANSYS 2013). Although the loading and structural
response conditions were quasi-static, inertia and gravitational loads were included to model
the steady inertial loads, with the loading shown in Figure 7.4. The hydrodynamic forces
on the blades were calculated by the CFD models and mapped on to the structural model
surfaces using Octree mapping (ANSYS 2013). The FEA model was constrained at the shaft
and hubs to allow for evaluation of the blade and strut forces, reducing computational effort.
The von Mises stress and total blade deflections were calculated at each turbine azimuth
angle using a custom Python script written by the authors. This script loaded the surface
pressure fields from the CFD transient analysis for each time step, enabling a one-way Fluid
Structure Interaction (FSI) simulation, as any deflections calculated were not reverted back
to the CFD model. Two-way FSI techniques were examined, however due to their excessive
simulation time they were not considered feasible, unless mesh element count was reduced
which would adversely affect the accuracy of the hydrodynamic simulations. The simulated
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turbines were constructed from steel with all material properties shown in Table 7.3.
Figure 7.4: ANSYS structural model of helical turbine showing loading conditions including
imported pressures, rotational velocity, gravity, and the fixed supports
Table 7.3: Material Properties used for Straight-bladed and Helical Turbine Structural Anal-
ysis
Material Steel
Density (kg/m3) 7850
Tensile Yield Strength (MPa) 250
Compressive Yield Strength (MPa) 250
Ultimate Tensile Strength (MPa) 460
Youngs Modulus E (GPa) 200
The geometry of the FEA turbines was identical to that used in the CFD models, except for
the addition of fillets at the blade-strut joints. Fillets of 0.0025m radius were added to avoid
infinite or singular stress concentrations at the re-entrant corners of the joints. These can
occur as forces applied to mesh cells of reducing size at the fillets will result in ever-increasing
stress predictions as the mesh area reduces. To ensure that the addition of fillets did not
influence simulation accuracy, maximum von Mises stress magnitudes were determined using
CFD models with and without fillets. Variations of maximum stress of less than 1.5% were
determined, allowing the use of de-featured CFD models to increase computational efficiency.
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Mesh convergence studies were performed to verify all FEA meshing techniques utilised,
with independence studies for maximum and minimum mesh sizing, face sizing refinement,
growth rate, and curvature angle performed. Mesh convergence found to be highly depen-
dent on the face sizing of the fillets between the blades and strut joints where the maximum
stress magnitudes were located. Successive mesh refinement demonstrated mesh element
count independence at 143,000 elements.
7.4 Results and Discussion
The loading characteristics of straight and helical-bladed turbines were investigated using
the DMS-Beam, CFD-Beam, and CFD-FEA models. For each model, stress levels and total
blade deflections were recorded over one rotation. All results were simulated at an inflow
velocity of 1.5 ms−1. Simulations of turbine loading characteristics were performed for three
rotational rates representative of common turbine operational ranges corresponding to a
rotational rate of:
• λ=1.5 similar to that found when starting the turbine;
• λ=2.75 corresponding to the maximum power output; and
• λ=3.5 representing an over speed condition.
where λ is the tip speed ratio defined as,
λ =
rw
V
(7.6)
where V is the inflow velocity.
7.4.1 Normal and Tangential Force Coefficients
Using the DMS and CFD models, the normal force coefficients for the straight three-bladed
turbine shown in Figure 7.1 were obtained at λ=1.5, 2.75, and 3.5 as shown in Figure 7.5.
For λ=1.5 agreement between the two numerical methods was very good, with both the
relationships with azimuth angle and the normal force coefficient magnitudes for each model
agreeing closely. The maximum force coefficients were found to occur at approximately -
22.5◦ by both numerical models, with the definition of rotational angle shown in Figure 7.1.
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This was due to peaks in the lift generated by the favorable angle of attack over the blades
and dynamic stall effects at this azimuth angle. Differences in maximum force of 8.5% were
determined between the two models, which may be attributed to differences in dynamic stall
modeling, as these differences were found around the force coefficient peaks. The normal
force coefficients in the downstream region from 90◦ to 270◦ were not fully reversed when
compared to the upstream region, as a result of reductions in the flow velocity over the
downstream blades caused by the preceding blades wake. Large reductions in force in the
downstream region were previously found in EFD and CFD studies in Chapter 4, with force
magnitudes of less than 1/3 found when comparing peak values with average values in the
downstream region (Strickland et al. 1979, Webster 1978).
Figure 7.5: Straight-bladed turbine normal force coefficient simulations for one revolution
using the DMS and CFD models at λ=1.5, 2.75, and 3.5
Figure 7.5 also compares simulations of normal force coefficients using the DMS and CFD
models at λ=2.75. Maximum force coefficient predictions for both models at λ=2.75 were
within 7.3% of each other, with the location of the maximum force predicted at the same
azimuth angle for both models. Although the shape of the simulated normal force coefficient
curves was similar, predictions of normal force coefficient diverged in the downstream region
around 180◦. The DMS model accounted for reductions in flow velocity in the downstream
region, but it did not account for the increased levels of turbulent flow over the downstream
blades, which reduces lift and hence normal force coefficients. However, these turbulent flow
effects were simulated by the CFD model, resulting in discrepancies between the two models
in the wake-influenced downstream regions. The jump in force coefficient around 22.5◦ to
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45◦ was caused by jumps in the lift and drag tables used in the DMS model, as well as the
by the rapid reduction in the additional lift determined by the dynamic stall model.
Figure 7.5 also shows the normal force simulations at λ=3.5 as determined using the DMS-
Beam and CFD-Beam models. The predicted azimuth location of maximum force coefficients
agreed well, however reduced correspondence was found when comparing maximum force co-
efficient values predictions, which were within 21% of each other. This reduction in force
coefficient similarities between the numerical models when compared to the λ=1.5 and 2.75
results may be due to the over prediction of the increasing influence of strut drag on the
turbine as λ increases by the DMS model. Similar to the simulations of normal force coeffi-
cient at λ=1.5 and 2.75, differences in the downstream region between the CFD and DMS
model were apparent.
7.4.2 Straight-Bladed Turbine Loading and Deflection Simulations
Figure 7.6 compares von Mises blade stress and deflection levels at λ=1.5 for the DMS-Beam,
CFD-Beam, and CFD-FEA models. The CFD-FEA blade results ignored the stress concen-
trations at the blade-strut joints, allowing comparison between the simulation models. The
highest blade stress and deflection levels were found around -22.5◦ coinciding with the peaks
in the normal force coefficients shown in Figure 7.5. Similarities across all λ were found
between the three simulation models, with the location of maximum stress and deflection
found at the middle of the blade span. The maximum stress and total deflection results
determined using the DMS-Beam and CFD-Beam models were within 8.4% of each other, as
they were calculated using similar values of normal force coefficient as shown in Figure 7.5.
At high absolute values of force coefficients the DMS-Beam and CFD-Beam results diverged
from the CFD-FEA simulations due to differences in the structural support conditions at
the blade ends. In the CFD model the deflection of the struts reduced the blade stress levels,
whereas the beam theory models assumed that the blade was simply supported, resulting in
increased stress levels. The stress on the blades was cyclic; however it is not fully reversed,
with reduced levels found in the downstream region around 180◦.
The rapid change in deflection shown in Figure 7.6 at rotational angles around 45◦ was due
to the rapid changing of the blade angle of attack as well as strut deflection and gravity
effects. At 0◦ the blade was deflected inwards, with the maximum deflection occurring near
the middle of the turbine blade. As the blade continued to rotate it started to deflect out-
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Figure 7.6: Signed maximum von Mises blade stress and total deflection comparisons for the
DMS-Beam, CFD-Beam, and CFD-FEA straight-bladed turbine models at λ=1.5. Positive
deflection is outwards away from the shaft
wards, however the strut deflection at the blade-strut joints did not change significantly due
to the low hydrodynamic and centrifugal force magnitudes. This caused a rapid change in
both the magnitude and location of the blade deflection as shown in Figure 7.7; where the
location of the maximum deflection can be seen to move down then back up again to the
center span location as the hydrodynamic force increased as shown in Figure 7.5. However,
this change in location of the maximum stress and deflection was not significant, as the
stress and deflection levels are low compared to the maximum values found around -22.5◦.
This effect was not found at higher λ.
Figure 7.7: Change in location of maximum blade stress and deflection between 0◦ and 135◦
found by CFD-FEA straight-bladed turbine model at λ=1.5. The location of the maximum
stress and deflection is shown by the red label
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Comparisons of blade von Mises blade stress and deflection at λ=2.75 are shown in Figure
7.8. The three simulation model curves prescribe similar stress and deflection curves, with
maximum values located at the middle of the blade span. The highest stress and blade de-
flection was found at approximately 0◦, with peak stress loads increased on average by 45%
when compared to the λ=1.5 case. This increase in stress was caused by increases in blade
lift due to the blade angle of attack variations reducing to more favorable levels below stall
as λ increased (Paraschivoiu 2002). Similar to that found at λ=1.5, the DMS-Beam and
CFD-Beam models differed in maximum stress level prediction from the CFD-FEA model,
as a result of the blade end support conditions. The von Mises stresses were not fully re-
versed, due to reductions in flow velocity and increased flow turbulence generated by the
wake of the upstream blades. The DMS model predicted higher stress and deflection levels
in the downstream regions, as it was unable to simulate the influence of this upstream blade
vortex shedding on the downstream blades.
Figure 7.8: Signed von Mises blade stress and total deflection comparisons for the DMS-
Beam, CFD-Beam, and CFD-FEA straight-bladed turbine models at λ=2.75. Positive de-
flection is outwards away from the shaft
Figure 7.9 shows the simulated von Mises blade stress and total deflection at λ=3.5, with
the maximum values located at the middle of the blade span. The maximum stresses were
found at approximately 0◦, as a result of peaks in normal force coefficient in the upstream
region as shown in Figure 7.5. Peak stress values were found to increase on average by 10.6%
when compared to the λ=2.75 case. This increase was less than that found between λ=1.5
and 2.75, as the increase in λ resulted in increased centrifugal forces on the blades which
oppose the hydrodynamic forces in the upstream direction. Similar to results in Figures 7.6
and 7.8, the maximum stress levels simulated by the CFD-FEA model were reduced when
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compared to the DMS-Beam and CFD-Beam Theory models, as a result of the differences in
the blade end support conditions. The DMS-Beam downstream stress and deflection magni-
tudes differed from the CFD-Beam and CFD-FEA models due to differences in normal forces
coefficient simulated by the DMS model when compared to the CFD simulations, similar to
that found at λ=2.75.
Figure 7.9: Signed von Mises blade stress and deflection comparisons for the DMS-Beam,
CFD-Beam, and CFD-FEA straight-bladed turbine models at λ=3.5. Positive deflection is
outwards away from the shaft
For all simulation models, the highest magnitude of the blade deflection versus blade span
was 0.4%. The small blade deflections found would have minimal impact on the lift and
drag generated over the blade, allowing one-way FSI models to be used. However, if the
turbine was constructed from a more flexible material with a lower modulus of elasticity,
these deflection levels would be much higher as a percentage of the blade span, possibly
requiring a two-way FSI approach.
Figure 7.10 illustrates strut and blade deflection over one rotation using the CFD-FEA
model. The blades can be seen to deflect inwards between the rotational angles of -90◦ to
45◦, after which they deflected outwards for the rest of the rotational cycle. This cyclic pat-
tern repeats over each revolution, generating tension and compression cycles on the blades.
The struts can also be seen to deflect with the blades, particular at the blade-strut joints.
The centrifugal forces generated by the turbine’s rotation opposed the hydrodynamic forces
in the upstream region from approximately -90◦ to 90◦, reducing blade stress and deflection
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Figure 7.10: Turbine von Mises stress magnitudes in Pa for one turbine rotation at λ=2.75.
Deflection scale increased by 150 to highlight structural deformation
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levels, whereas in the downstream region from 90◦ to 270◦ the hydrodynamic and centrifugal
forces combined. However, the hydrodynamic normal blade forces in the downstream region
were significantly reduced when compared to upstream normal force values as shown in Fig-
ure 7.5, due to the reduction in flow velocity in the downstream region and the turbulent flow
effects of the preceding blades wake. Thus, the combined downstream total hydrodynamic
and centrifugal forces and hence blade stress and deflections were reduced when compared
to upstream values. For the turbines studied here the hydrodynamic force was dominant,
with upstream force magnitudes and hence blade stress and deflection levels higher than
downstream values for all λ simulated.
The CFD-FEA model was then used to predict the maximum stress magnitudes within the
blades and the struts. The maximum stress was found to occur at the bottom blade-strut
joint for all λ, as a result of the combination of hydrodynamic and gravitational loading,
with levels significantly higher than blade stress levels shown in Figures 7.6, 7.8 and 7.9. An
example at λ=2.75 is shown in Figure 7.11, with results in Figure 7.12 showing the max-
imum stress relationships with azimuth angle for each λ simulated. The maximum stress
occurred at approximately 0◦ at the bottom blade-strut joint, as the maximum normal force
occurs at this azimuth angle as shown in Figure 7.5. These normal force peaks generated
large bending moments, and hence large stress concentration at the blade-strut joints, with
peak magnitudes of approximately 101 MPa noted. The use of beam theory models will not
resolve this depending on the location of the strut on the blades.
Comparison of yield safety factors are shown in Figure 7.13, where the yield safety factor
was defined as the ratio of the material yield stress shown in Table 7.3 to the maximum
stress. For each λ, the maximum stress levels were below the material yield strength, with
minimum safety factors of 3.84, 2.76, and 2.49 found for λ=1.5, 2.75, and 3.5. However, the
analysis of yield safety factors does not take into consideration any fatigue issues as a result
of the cyclical loading. If the tidal velocity distribution is known, the models developed
here can be used to determine the fatigue life of turbine using rainflow counting methods
combined with Miners cumulative damage rule for lifetime calculations (Veers 1981).
7.4.3 Helical Turbine Normal Force Coefficients
Using the CFD model, the normal blade coefficients were determined for the helical turbine
at λ=1.5, 2.75, and 3.5 as shown in Figure 7.14. Similar to the coefficient curves deter-
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Figure 7.11: Stress concentration in Pa at bottom blade-strut fillet showing the location of
maximum von Mises Stress of 90.51 MPa at the azimuth angle of 0◦ at λ=2.75
Figure 7.12: Maximum von Mises Stress at the bottom blade-strut fillet over one revolution
determined using the straight-bladed CFD-FEA turbine model at λ=1.5, 2.75, and 3.5
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Figure 7.13: Yield safety factor for the straight-bladed CFD-FEA simulation results for one
revolution at λ=1.5, 2.75, and 3.5
mined for the straight-bladed turbine shown in Figure 7.5, maximum force was found at
approximately -45◦ to -22.5◦, due to peaks in the lift generated by the favorable angle of
attack over the blades and dynamic stall. The normal force coefficients in the downstream
region from 90◦ to 270◦ were not fully reversed when compared to the upstream region, as
a result of reductions in the flow velocity over the downstream blades and blade wake effects.
The normal force coefficients for the helical turbine shown in Figure 7.14 were reduced when
compared to the values found for the straight-bladed turbine shown in Figure 7.5. The re-
duction in maximum normal force coefficients resulted as the angle of attack over the blades
varies along the blade span resulting in varying force coefficients. This variation is caused
by the helical distribution of the blade around the rotational axis, and as a result the blade
does not generate lift force peaks simultaneously along its full length as it rotates in the
upstream section at azimuth angles from -90◦ to 0◦.
7.4.4 Helical Turbine Loading and Deflection
Figure 7.15 shows the helical turbine von Mises blade stress magnitudes and deflection using
the CFD-FEA analysis model. These results focused on the blades and ignored the stress
concentrations at the blade-strut joints to allow for comparison with the blade force simu-
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Figure 7.14: Normal force coefficient simulations for one revolution for the helical CFD
model at λ=1.5, 2.75, and 3.5
lations shown in Figures 7.6, 7.8, and 7.9. Peaks in stress and total deflection occurred for
all λ at approximately -45◦ to -22.5◦, with the blades deflected inwards by up to 0.0014 m.
In the downstream region the blade deflected outwards, however the stress magnitudes were
not fully reversed. This was due to reductions in flow velocity through the turbine, and the
shedding of vortices from the upstream blades, which generated turbulence over the down-
stream blades thereby reducing their hydrodynamic efficiency. The helical blade stress and
deflection levels were reduced when compared to the straight-bladed turbine results shown
in Figures 7.6, 7.8 and 7.9 as the normal force coefficient levels were lower, shown when
comparing CFD force predictions in Figures 7.5 and 7.14.
Figure 7.16 compares the blade and strut maximum von Mises stress magnitudes at λ=1.5,
2.75, and 3.5. Similar to the straight-bladed turbine results shown in Figure 7.11, stress
peaks occurred at the bottom blade-strut joint due to the combination of hydrodynamic and
gravitational forces. Peaks in maximum stress levels were found to occur at azimuth angle
of -45◦ to -22.5◦, due to the peaks in normal force generated by the blade in the upstream
regions. Downstream maximum stress levels were half that of the upstream values, due to
reductions in flow velocity caused by the wake of the preceding blades. If the tidal velocity
distribution is known, the models developed here can be used to determine the fatigue life of
turbine using rainflow counting methods combined with Miners rule for lifetime calculations
(Veers 1981).
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Figure 7.15: Helical turbine signed von Mises blade stress and deflection comparisons found
using CFD-FEA models at λ=1.5, 2.75, and 3.5. Positive deflection is outwards away from
the shaft
Figure 7.16: Maximum helical-bladed turbine von Mises stress levels comparing λ=1.5, 2.75,
and 3.5
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7.4.5 Straight and Helical Bladed Turbine Loading Comparisons
Comparisons of maximum von Mises stress levels for the straight and helical turbines are
shown in Figure 7.17. For all λ, the straight-bladed turbine maximum stress levels were
approximately 12.9% higher than for the helical turbine values. The straight-bladed turbine
stress peaks were higher as the blade generates peaks in lift along its full length simulta-
neously, whereas the helical turbine blade lift peaks occur along the blade span at differing
rotational angles due to the blades distribution around the rotational axis. The decrease in
maximum stress levels found for the helical turbine reduces blade bending moments when
compared to the straight-bladed turbine. In addition, the distribution of the helical blades
around the rotational axis is better suited to resist bending when compared to the straight
blades. Similarly, the blade stress and deflection levels of the helical-bladed turbines were
lower than that of the straight-bladed turbines for all λ.
Figure 7.17: Comparisons of the maximum von Mises Stress magnitudes determined using
the CFD-FEA models for the straight and helical turbine models at λ=1.5, 2.75, and 3.5
For ocean and tidal power installations, the authors suggest that straight-bladed turbines
are more suitable as they generate more power for the same frontal area (Marsh et al. 2015a),
without any significant increase in stress levels as shown in Figure 7.17. These factors will
increase installed power generation capacity while not reducing turbine longevity. Addition-
ally, straight-bladed turbines are much simpler to manufacture than the curved blades of
helical turbines, reducing blade manufacturing costs.
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Although no EFD data was available to validate force coefficient simulations for the DMS
and CFD models, close agreement between the two models provides some verification and
gives confidence in the predicted results. Although the two numerical methods use differ-
ent techniques, one based on EFD lift and drag data tables and the other on solutions to
the Navier-Stokes equations, the normal force coefficient predictions found were on average
within 12% of each other for all rotational rates. Combined with the previous validation of
the DMS in Chapter 4 and (Marsh et al. 2013) and CFD (Marsh et al. 2013, 2014, 2015a,b)
models, this high level of agreement gives confidence in the hydrodynamic simulation results
presented in this paper. Additionally, although no validation data was available for the
structural simulations, the level of agreement between the predicted blade stress and deflec-
tion results through the use of two separate structural analysis methods gives confidence in
the results presented.
7.4.6 Computational Requirements
Significant differences in total simulation time and files sizes were required between simu-
lation models as shown in Table 7.4. All numerical solutions were performed on an Intel
i7 860 2.8 GHz based cluster with 2GB ram per core. The significant variations in simula-
tion time suggest that the turbine design process should be performed in two stages. For
initial geometrical design studies DMS-Beam models allow the quick estimation of normal
forces, blade stress, and deflection levels; enabling the optimization of both power output
and blade loading. However, the determination of maximum stress magnitudes as found at
the blade-strut joints required the use of CFD-FEA models, as beam theory-based models
were unable to resolve the blade-strut stresses.
Table 7.4: Computational Requirements for One Revolution of the Straight-Bladed Turbine
at λ=2.75
Model Hydrodynamic Cores Structural Cores File Size
DMS-Beam 1 minute 1 1 minute 1 1 Mb
CFD-Beam 2400 minutes 24 1 minute 1 80 Gb
CFD-FEA 2440 minutes 24 500 minutes 2 160 Gb
Simulations using coupled two-way FSI models were attempted, however they were not com-
pleted as it was estimated that the simulations would take around 140 days to complete one
revolution, due to the combination of large CFD mesh element counts and reductions in
numerical speed due to the coupling of the CFD and FEA models. This compared poorly
with the one-way FSI simulations reported here, with total run times of less than 2 days.
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7.5 Conclusions
Numerical evaluations of the hydrodynamic and structural loading of straight and helical-
bladed turbines were performed using DMS, CFD, beam theory, and FEA methods. These
simulations were performed at multiple rotational rates to characterise blade and strut load-
ing. This study revealed three key findings:
• straight-bladed turbines exhibit 12.9% higher maximum stress and deflection levels
than helical turbines;
• maximum stress levels were found at the bottom blade-strut joints for both straight
and helical-bladed turbines; and
• maximum stress levels for straight and helical turbines were well below yield strength
at an inflow velocity of 1.5 ms−1.
Combined, the key outcomes listed above lead to an important finding; that straight-bladed
turbines are better suited for ocean power than helical turbines, as they generate higher
power output without any significant increases in blade loading.
The simulation models developed in this paper open up considerable possibilities to improve
vertical axis turbine designs from both hydrodynamic and structural perspectives. Based on
this work the following is recommended:
• investigate blade-strut joint designs using FEA to reduce maximum stress concentra-
tion levels; and
• conduct EFD using strain gauges to evaluate turbine loading characteristics and pro-
vide validation data for the models developed in this work.
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Chapter 8
Summary, Conclusions and Future Work
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8.1 Summary and Conclusions
This study set out to characterise and compare the hydrodynamic and structural loading
characteristics of straight and helical-bladed vertical axis turbines, allowing the evaluation
of their suitability for harnessing ocean kinetic energy. In this chapter, key findings are pre-
sented with conclusions and discussion of any limitations determined as part of this work.
Recommendations for future work are also presented along with guidelines for numerical
simulation.
Initial efforts outlined in Chapter 2 focused on the establishment, verification, and valida-
tion of CFD modelling techniques, including the influence of turbulence model selection and
the influence of 2D and 3D domain model approaches on power output simulation accuracy.
Chapter 3 continued this research on with a more in-depth analysis of transient URANS
CFD simulations of straight-bladed turbines with two differing strut configurations. The
DMS model, an alternate model to CFD, was presented in Chapters 4 and 5, with the
results compared with EFD and CFD results to investigate straight-bladed turbine blade
force and power output levels. The CFD techniques developed in Chapters 2 and 3 were
subsequently used in Chapter 6 to determine the performance characteristics of helical tur-
bines, with verification and validation performed against EFD from literature. These studies
investigated the effect of blade helicity on performance parameters, with simulation results
also compared to the straight-bladed turbine results outlined in Chapters 2 and 3. Finally
in Chapter 7, FEA and Beam Theory structural analysis models were coupled with the
CFD and DMS models outlined in Chapters 2 to 6, resulting in the development of numer-
ical simulation models of the hydrodynamic and structural characteristics of straight and
helical-bladed turbines. The development of these models allowed for comparisons of the
relative merits of the two turbine configurations to be performed.
Comparisons were made between straight and helical-bladed turbines by evaluating the
respective levels of power output, torque fluctuation, mounting force, blade stress, and de-
flection levels between the two geometrical layouts. These comparisons are important, as
they allow for the determination of the most suitable turbine design, ensuring longevity and
efficiency. This work specifically reports on efforts to answer the following question: ”Are
straight or helical-bladed vertical axis turbines more suited for ocean tidal and current power
generation when evaluated using hydrodynamic and structural loading criteria?”
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The aggregated approach to the work outlined in Chapters 2 to 7 arrived at the following key
conclusion; straight-bladed, rather than helical-bladed turbines, are more suited for ocean
tidal and current energy. Straight-bladed turbines generate higher power output than helical-
bladed turbines of the same frontal area, without suffering any significant increases in blade
and strut stress, torque fluctuations, or mounting force levels. This makes straight-bladed
turbines better suited for ocean installation, as they will generate the highest energy output
whilst not significantly reducing service life in comparison to comparable helical-bladed con-
figurations. As most vertical axis turbines use similar blade profiles to those studied here,
these results will hold for turbine with other hydrdynamic blade profiles.
This work also found that the numerical simulation models utilised in this work were able to
accurately simulate vertical axis turbine parameters including power output and mounting
force levels. This finding is important as in-depth determination of turbine performance and
structural parameters can now be obtained before manufacture and installation, allowing
the use of computational means to investigate and improve turbine geometrical layout and
design.
As part of this work, numerical simulation guidelines for future use in determining turbine
hydrodynamic and structural parameters, including power output and blade stress levels
were developed. For initial design studies, the DMS and Beam Theory models are rec-
ommended, as they are computationally efficient allowing their use on stand-alone desktop
computers with fast solution times. However, for more in-depth analysis, coupled CFD and
FEA models should be utilised as they offer the ability to model the entire turbine struc-
ture. Combined, these simulation models form a multi-stage toolbox for turbine engineers
to analyse and evaluate vertical axis turbine hydrodynamics and structural characteristics.
8.2 Findings and Limitations
The findings of this thesis were obtained by two methods; investigation into the influence of
geometrical layout on performance and structural parameters, and evaluating the accuracy
and suitability of the numerical methods chosen to perform these investigations. The fol-
lowing section summarises the key findings and limitations determined in Chapters 2 to 7,
pointing towards the determination that straight-bladed turbines are more suited for ocean
installations than helical-bladed turbines of the same frontal area.
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8.2.1 Geometrical Findings
• Power output: Straight-bladed turbines were found to generate higher maximum power
outputs than helical-bladed turbines of the same frontal area, as the inclination of
the helical blades to the inflow was found to generate spanwise flow, reducing their
hydrodynamic efficiency. Inclination of the blades past 15◦ was found to significantly
reduce power output, making turbines with high degrees of blade helicity inefficient
for power generation purposes.
• Maximum Stress levels: Straight-bladed turbines exhibited approximately 13% higher
maximum stress than helical turbines for the same blade chord, section and turbine
frontal area, with the highest stress found at the blade-strut joints. However, this
increase was not significant, and for all turbines studied the stress levels determined
were significantly less than the material yield strength limit, with the lowest safety
factor obtained as 2.49.
• Torque fluctuations: Helical turbines exhibited reduced torque fluctuation levels when
compared to straight-bladed turbines, with levels reducing as helicity increased. For
the 15◦ helical turbine the reduction in maximum torque fluctuation level when com-
pared to the straight-blade design was less than 16%. Significant reductions in torque
fluctuation levels were determined for turbines with high levels of blade helicity; how-
ever this was accompanied by significant reductions in power output.
• Mounting forces: Blade helicity was found to reduce mounting force levels when com-
pared to straight-bladed force values. However, the reduction in maximum mounting
forces determined for the 15◦ helical turbine when compared to straight-bladed tur-
bines was less than 7%.
8.2.2 Numerical Simulation Models Findings and Limitations
Computational Fluid Dynamics (CFD) Models
• Flow modelling using CFD: The CFD models were able to accurately model the influ-
ence of differences in geometrical configuration on power output and mounting forces,
including variations of blade helicity, strut location, strut section, and blade-strut con-
nection design, with results comparing favourable with EFD results published in liter-
ature for six different turbine designs. Greater understanding of turbine performance
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was gained using flow visualisation made possible through the use of CFD models,
providing key insights into vortex shedding and flow diffusion effects. Torque fluctu-
ation levels were also determined using the CFD models. The CFD results obtained
were found to be highly dependent upon modelling variables, making verification of
the models, such as grid independence studies, vital to ensure confidence in the re-
sults obtained. Validation of the CFD models was also found to be essential given the
complexity of the discretisation and modelling variables.
• URANS-based turbulence models: Studies of turbulence models found that the k-ω
SST model resulted in the closest agreement of blade force and power output predic-
tions with EFD for both straight and helical-bladed turbines. The use of transition
models was found to offer increased power output simulation accuracy when compared
to the fully turbulent models. However, this increase in accuracy, usually at high
rotational rates, came at a considerable increase in computational cost.
• Computational Domain: Examination of 2D and 3D domain models revealed that
simulations should be performed using all geometrical turbine features, including all
blades, struts and shafts, necessitating a 3D approach. Simulations using 2D mod-
els were found to over predict turbine power output, as the influence of strut drag,
spanwise flow, and blade end effects could not be accounted for.
• Mesh requirements: The accuracy of the CFD results was highly dependent upon
grid resolution factors, and was influenced by the selection of turbulence model, mesh
density, time step size, boundary layer thickness, and y+. The highest simulation
accuracy when compared to EFD was found using 3D CFD models that included all
geometrical features, allowing the simulation of complex hydrodynamic flow features
such as tip losses and restive strut torque.
• Computational requirements: The k-ω SST models required on average 24 cores with
2Gb of memory per core, with solutions taking 20 hours for one revolution of the
straight-bladed turbine. As the helical-bladed turbine models could not use symmetry
to reduce the size of the computational domain, they required approximately twice the
simulation time.
• Limitations of Study and/or Model: The computational power required to solve the
CFD models was at times excessive. The simulations performed required considerable
computational capacity, and could only be performed using a High Performance Cluster
(HPC). Even with the availability of HPC, two-way FSI and laminar-to-turbulent
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models were found to be excessively computationally demanding, with simulation times
running into multiple months for one revolution at one rotational rate.
Double Multiple Streamtube (DMS) Models
• DMS model: The DMS model was able to accurately simulate turbine power output
and blade forces, with results comparing favourably with EFD published in literature
and the CFD results presented in this work, although some limitations in dynamic stall
modeling were found. The accuracy of the DMS model resulted from the inclusion of
correction factors for effects such as the resistive torque generated by strut drag and
Reynolds number corrections.
• Computational Requirements: The DMS model was computationally efficient due to
its formulation based on a double actuator-disk model. All DMS simulations were
performed on a standalone desktop computer, with total run times of less than 1
minute. This was significantly lower than the run time required for equivalent CFD
models.
• Limitations of Study and/or Model: The DMS model developed was unable to be
utilised to model helical-bladed turbines, as the influence of the helical blade inclination
to the inflow was not accounted for. The DMS model requires as input lift and drag
data for the sections obtained either by numerical or EFD means; however this data
may not be readily available for the blade and strut sections chosen, thus requiring
numerical modelling such as CFD of the sections. DMS models are also unable to
generate flow visualisation, unlike CFD models. For one turbine geometry studied the
DMS simulations under predicted the influence of dynamic stall on turbine blade force
magnitudes.
Beam Theory
• Beam Theory: Beam Theory models were able to determine blade stress and deflection
levels, with results comparing favourably with FEA simulations. Beam theory models
can also simulate blade loading for turbines with differing strut locations to efficiently
determine blade stress and deflection magnitudes.
• Computational Requirements: The beam theory models were highly computational
efficient when compared to the FEA structural models, as geometrical discretisation
was not required. All beam theory models were performed on a standalone desktop
computer, with simulation run times of less than 1 minute.
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• Limitations of Study and/or Model: The Beam theory can only model simple turbine
blade geometries, and cannot be utilised for determining the stress and deflection
levels for some turbine geometrical layouts. The predicted stress and deflection results
were not validated against EFD, as experiments using strain gauges are rarely, if ever,
performed and published. However, given that the DMS and CFD models developed
were able to simulate blade forces accurately when compared to the equivalent EFD,
it was concluded that simulated stress and deflection levels were of similar accuracy
given the simplicity of the force-stress and force-deflection relationships. The beam
theory stress and deflection models developed as part of this work can be used in the
future for simulations to confirm this hypothesis once suitable EFD results become
available.
Finite Element Analysis (FEA) Models
• FEA Models: The use of FEA models enabled the evaluation of structural loading
characteristics including stress and deflection magnitudes, with maximum stress mag-
nitudes found at the blade-strut joints. The strength of FEA models when compared to
the beam theory model was its ability to model complex geometries such as blade-strut
joints, and to allow visualisation of blade loading cycles as the turbine rotates.
• Meshing requirements: The FEA model mesh discretisation requirements were signif-
icantly less than that required by the CFD models. Mesh density was found to be
critical at the blade-strut joints, with fillets needed to avoid stress singularities.
• Computational Requirements: The FEA models were computationally efficient mainly
due to the one-way FSI approach utilised. Thus, a standalone desktop computer was
used for all FEA simulations. The one-way FSI approach using transient pressure data
files resulted in the need for large computational storage facilities, with each simulation
at one rotational rate requiring approximately 0.5TB.
• Limitations of the Study and/or Model: The results from the FEA models were unable
to be validated against EFD, as no results were available in the literature. However,
the FEA software utilised has been widely verified and validated using standard test
cases. Given that the DMS and CFD modes used to generate the loads on the struc-
tural were validated, the stress and deflection results should be simulated with similar
accuracy given the simplicity of the force-stress and force-deflection relationships. This
hypothesis should be confirmed once suitable EFD stress and deflection results become
available.
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8.3 Future Work
The work performed in this thesis could be extended by:
• Conduct EFD to validate the structural loading calculations using methods outlined in
Chapter 7. These EFD studies could be performed by installing strain gauges on the
turbine blades and struts. The numerical methods developed as part of this thesis could
be utilised to design the EFD turbines and mountings, and determine any limitations
that may occur during EFD. Comparison between EFD and the simulationed results
would give confidence in both the results obtained using EFD as well as the simulations.
• Using the models developed in this work to perform in-depth analyses of strut and
blade-strut connection design. This would enable reductions in maximum stress mag-
nitudes though careful consideration of the structural influence of variations in joint
design, as well as the evaluation of the impact of strut and strut-blade joint design
on turbine performace. This work would entail the use of FSI modelling techniques
with the CFD and FEA models outlined in Chapter 7. Material selection would be
a critical component of this work, with the models developed able to simulate most
common materials used for turbine construction.
• Use the hydrodynamic and structural models developed in this work to determine the
fatigue life-cycle of vertical axis turbines using Miner’s law to account for the influence
of inflow velocity and rotational rate variations on stress magnitudes, allowing the
evaluation of expected longevity.
• As computational power and efficiency increases, simulations using LES, DNS, and
laminar-to-turbulent transition models could be performed, with results compared to
those reported in this study as well as EFD.
• Perform loading investigations using two-way FSI models and compare results with
the one-way FSI simulations. Two-way FSI simulations were estimated to take ap-
proximately 140 days to simulate one rotation, due to the fine mesh density and small
time step size required for grid independence. Increases in computational efficiency
however will reduce simulation timeframes, making two-way FSI simulations feasible.
• Optimisation studies of turbine power output and strucutral loading could be per-
formed using the hydrodynamic and structural loading models developed. This work
could be completed in two stages to reduce simulatiuon time using the DMS-Beam
theory for initial studies, and the CFD-FEA models for more in-depth analysis.
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8.4 Implications for the future
The work outlined in this thesis has demonstrated that the extension of numerical simula-
tion studies from the consideration of power output to more extensive studies of structural
variables such as blade stress, deflection, and material selection can now be performed. This
extension allows a more holistic approach to turbine design than could previously be per-
formed. Numerical modellers can now concentrate on whole-of-system design, rather than
focus on power output, as advances in computational modelling power enable more in-depth
investigations of vertical axis turbine designs. This opens up new opportunities to improve
design and hence turbine efficiency and longevity.
Vertical axis cross flow turbines are shown in this study to generate power whilst not suf-
fering any significant structural or performance penalties, and thus are suitable for ocean
energy deployments. Of the two designs studied in this work, straight-bladed turbines ap-
pear promising, as they generate higher power output than helical-bladed turbines, whilst
only exhibiting 13% higher stress levels and are simpler to manufacture. Additionally, the
benefits of vertical over horizontal axis designs appear to be significant, as due to their geo-
metrical layout all electrical components can be installed above the water surface. Combined
with the lack of need for any yawing mechanism, this can ease design, installation and ser-
vicing challenges, ensuring simplicity and hence longevity of turbines in ocean environments.
More work is required before the success of vertical axis turbine designs is assured. For
example, optimisation studies are required to ensure that the turbines operate as efficiently
as possible. This will enable vertical axis designs to generate power output efficiency levels
similar to that of on-shore horizontal axis wind turbines. The generation of electrical power
using the ocean’s kinetic energy opens up huge potential for energy production, as it is both
massive and highly predictable. Indeed, the deployment of vertical axis turbines may change
our perception of the ocean, from being the source of fossil fuel-based power that is held
beneath it, to a source of renewable energy that can be harnessed to power humanity.
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